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Abstract  
 
The main focus of this thesis was to investigate if the social environment may be a factor 
leading to aberrant behavioural changes in the Nlgn3 knockout mouse, a model of autism 
spectrum disorder (ASD). Initial observations revealed that mixed genotype housed male 
Nlgn3 knockout mice and wild-type mice displayed deficits in their social behaviours and 
anxiety-related behaviours compared to male Nlgn3 knockout mice and wild-type mice in 
single genotype housed conditions. Selective re-expression of Nlgn3 in 
parvalbumin-expressing cells in transgenic mice rescued their social behaviour and alleviated 
the phenotypes of their wild-type littermates, thus further indicating that the social 
behaviour of Nlgn3 knockout mice has a direct and measurable impact on their wild-type 
littermates’ behaviour. Additionally, the social environment was confirmed to alter the 
transcriptome profile of the striatum and the hippocampus, as assessed by RNA sequencing. 
Following this, the question of the sex-specific sensitivity to the social environment was 
assessed by studying female Nlgn3 knockout mice and their littermates. This revealed that 
the social environment is a factor influencing the behaviour of female Nlgn3 knockout and 
wild-type mice. Finally, the potential generalization of the findings to other models for ASD 
was addressed, by assessing if Neuroligin-3 interacts with other proteins that are known risk 
factors for ASD. Together, these results demonstrate that Nlgn3 knockout male and female 
mice show behavioural and physiological changes dependent on the social environment and 
that this is mediated by parvalbumin-expressing cells. Furthermore, the interaction of 
Neuroligin-3 with other ASD-related proteins suggest that other mouse models of ASD may 
also show this sensitivity to the social environment.   
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Chapter 1:  Introduction 
 
1.1. Nlgn3 knockout mice as a model of Autism Spectrum Disorder 
Autism spectrum disorders (ASDs) lead to abnormal and impaired social interactions. ASD 
has been understood to have genetic and environmental influences, and from this 
knowledge, animal models have been developed to study its pathophysiology. These include 
animal models that have missing ASD-related genes, such as Nlgn3. In this section, the 
literature relating to ASD and Nlgn3 knockout mice will be reviewed. Finally, outstanding 
questions and factors that need to be considered in the assessment Nlgn3 knockout mice will 
be discussed.  
1.1.1. Autism Spectrum Disorders 
ASDs are characterized by a core triad of behavioural symptoms including impaired 
communication, restricted and repetitive behaviour, and impaired social interactions, 
however additional signs and symptoms may be present such as sleep disturbances, 
irritability, and cognitive problems (Tanguay et al 1998, Frazier et al 2012, American 
Psychiatric Association 2013). Symptoms of ASD become apparent during the first few years 
of development, with the child with ASD either never developing social skills and speech, or 
developing normally before undergoing a period of regression and losing the social skills and 
speech initially developed (reviewed in: Yirmiya and Charman 2010). It is robustly reported 
that there is a gender difference in the diagnosis of ASD, with its diagnosis ranging from a 4:1 
ratio of diagnoses of males to females in those with normal intellectual quotients, to as high 
as 9:1 in high functioning ASD, or as low as 1.3:1 in intellectual disability (Lord, Schopler and 
Revicki 1982, Tsai and Beisler 1983, Fombonne 2003, Fombonne 2005, Baird et al 2006, 
Mandy et al 2011, Brugha et al 2011). 
ASD has been demonstrated to be a highly genetic disorder; the concordance rate of ASD in 
monozygotic twins is higher (77.0-95.7%) than in dizygotic twins (21.5-33.0%), revealing that 
while the environment of the children is assumed to be equal, the genetics contribute in 
majority to the onset of ASD (Ritvo et al 1985, Ronald et al 2006, Hallmayer et al 2011). 
Mutations and deletions of genes have been associated with the onset of ASD. Penetrance 
of ASD associated genes has been shown to vary, from fully penetrant forms that may have 
associated symptoms and syndromes, sometimes referred to as being ‘syndromic’, to high to 
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low penetrance genes that are ‘non-syndromic’. Syndromic forms include Rett syndrome or 
fragile X syndrome, which are diagnosed early in development and have many other 
symptoms including intellectual disability and physical changes (Fu et al 1991, Amir et al 
1999). Genetic risks for ASD are typically identified through individual case studies or genome 
wide association studies (GWAS) (Jamain et al 2003, Durand et al 2007, Weiss et al 2009, 
Glessner et al 2009, Jackson et al 2009, Chaste et al 2015). Finally, in rarer cases, 
chromosomal deletions, duplications and copy number variants have also been associated 
with the onset of ASD (reviewed in: Devlin and Scherer et al 2012). While the genetics 
contribute in majority to the onset of ASD, environmental risk factors for developing ASD 
have also been identified, such as infection, antidepressant use, or exposure to pollutants 
during pregnancy (Atladóttir et al 2010, Croen et al 2011, Raz et al 2014). From this 
knowledge of the genetics and the environmental risk factors for ASD, mouse models of ASD 
have been developed to better understand the pathophysiology underlying the disorder.  
1.1.2. Neuroligin-3  
One gene that has been associated with ASD in humans, and subsequently has had mouse 
models developed to study it, is NLGN3. NLGN3 an X-linked gene, located on the Xq13 locus, 
and encodes the protein Neuroligin-3. Both mutations and deletions of NLGN3 have been 
associated with ASD in humans. It was initially observed that two brothers, one diagnosed 
with autism, and the other diagnosed with Asperger’s, had a R451C mutation in Neuroligin-
3 (Jamain et al 2003). The mutation was later shown to lead to endoplasmic retention of 
Neuroligin-3, leading to a 90% decrease in expression of Neuroligin-3 at the synapse 
(Comoletti et al 2004). This association of Neuroligin-3 mutations and ASD has also been 
observed in a GWAS of a Chinese Han cohort. It was observed that there was an enrichment 
of common variants of NLGN3 in male, but not female, participants with ASD (Yu et al 2011). 
Furthermore, the association of NLGN3 with ASD is not limited to mutations; lack of 
expression of NLGN3 has also been shown to be associated with ASD in humans (Levy et al 
2011, Sanders et al 2011, Gilman et al 2011).  
Neuroligin-3 has been shown to be expressed within the brain, but not peripheral tissues 
(Ichtchenko et al 1996, Budreck et al 2007). In the brain, Neuroligin-3 has been shown to be 
expressed post-synaptically and not pre-synaptically at the synapses of both excitatory and 
inhibitory neurones (Budreck et al 2007). mRNA for Nlgn3 has been observed in glia cells, 
some gliaomas have been shown to excrete Neuroligin-3, and cultured astrocytes of wild-
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type, but not Nlgn3 knockout mice, have been shown to secrete Neuroligin-3, indicating that 
Neuroligin-3 is present within glia cells (Gilbert et al 2001, Venkatesh et al 2015, Venkatesh 
et al 2017, Li et al 2018).  
Altered dendritic and synaptic morphology has been observed in post-mortem studies of 
brains from humans with ASD or ASD-related syndromes (Hinton et al 1991, Belichenko et al 
1994, Irwin et al 2001, Chapleau et al 2009, Broek et al 2014), and many mouse models of 
ASD also show dendritic and synaptic abnormalities (Comery et al 1997, Auerbach et al 2011, 
Chapleau et al 2012, Pathania et al 2014, Tang et al 2014). Consistent with the studies of the 
synaptic properties of post-mortem brain tissue of humans with ASD, and the synaptic 
properties of animal models of ASD, Neuroligin-3 has been shown to be important in 
regulating synaptic properties. At the synapse, Neuroligin-3 has been shown to function as a 
dimer, and experiments using mutated Neuroligin-3 that is unable to form dimers at the 
synapse leads to abnormal synaptic morphology, including altered spine turnover, decreased 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor mediated currents, 
and altered expression of synaptic proteins (Shipman et al 2012). Over-expression of 
Neuroligin-3, but not of the mutated form of Neuroligin-3, led to increased synaptic puncta 
within cultured rat hippocampal neurones (Chih et al 2004), further showing that Neuroligin-
3 regulates synaptic properties.  
This has been further demonstrated through deletion of Nlgn3. Deletion of Nlgn3 has been 
shown to disrupt endocannabinoid signalling leading to aberrant GABAergic signalling of 
hippocampal cholecystokinin expressing interneurons (Földy et al 2013). Additionally, 
specific knockout of Nlgn3 within dopamine receptor 1 expressing neurones of the nucleus 
accumbens (NAc) leads to a reduction in inhibitory post-synaptic potentials (Rothwell et al 
2014). Deletion of Nlgn3 within Pvalb-expressing cells of the hippocampus leads to a 
reduction of post-synaptic N-Methyl-D-aspartic acid receptor (NMDAR) -mediated synaptic 
transmission and increased pre-synaptic glutamate release due to aberrant pre-synaptic 
metabotropic glutamate receptor 3 (mGluR3) signalling, together causing an abnormal theta 
and gamma rhythm, both of which have been associated with ASD (Dickinson et al 2015, 
Maxwell et al 2015, Larrain-Valenzuela et al 2017, Polepalli et al 2017). Furthermore, mGluR1 
and mGluR5 dysfunction and, consequently, long term synaptic depression, has also been 
observed in many mouse models of ASD (reviewed in D’Antoni et al 2014). Consistent with 
this, there is a deficit in mGluR1 dependent long-term depression within the cerebellum of 
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Nlgn3y/- mice (Baudouin et al 2012). These studies show that Nlgn3 mediates neuronal 
connectivity and electrophysiological properties of neurones.  
The pathophysiology underlying mutations and deletions of Neuroligin-3 likely share some 
similar pathophysiological mechanisms associated with other ASD-related genes, as 
Neuroligin-3 has been shown to interact with other ASD-related proteins. Using 
coimmunoprecipitation experiments, Neuroligin-3 has been shown to associate with three 
transcripts of the ASD-related protein, Neurexin (Ichtchenko et al 1996, reviewed in Südhof  
2008). Furthermore, it has been shown that Fragile X mental retardation protein (FMRP) 
binds to Nlgn3 mRNA, and in mice lacking FMRP, levels of Neuroligin-3 have been shown to 
be increased (Chmielewska et al 2018). These studies show that Neuroligin-3 shares a 
common pathway, and likely a common mechanism of pathology, with other ASD-related 
proteins.   
1.1.3. Behavioural analysis of Nlgn3 knockout mice 
Many mouse models of ASD successfully capture the social behavioural abnormalities seen 
in ASD. These include changes in both juvenile and adult social interactions and in both male 
and female mice (Cheh et al 2006, DeLorey et al 2008, Nakatani et al 2009, Yang et al 2012, 
Bariselli et al 2016). Some behavioural analysis of Nlgn3 knockout mice has been completed, 
predominantly in adult male mice. 
Adult male Nlgn3y/- mice that have been compared to their Nlgn3y/+ littermates show 
decreased levels of courtship ultrasonic vocalisation (USV) and increased latency to call when 
presented to an unfamiliar female in oestrous, indicating a deficit in courtship behaviours 
(Radyushkin et al 2009, Fischer and Hammerschmidt 2011).  Similarly, Nlgn3y/- mice spent 
less time with female bedding compared to Nlgn3y/+ mice (Dere et al 2018). Another social 
behaviour abnormality is that Nlgn3y/- mice show decreased time spent with a novel mouse 
on the three-chamber test when compared to their Nlgn3y/+ littermates (Radyushkin et al 
2009). Additionally, Nlgn3y/- mice show decreased socially conditioned place preference and 
decreased interaction with juvenile male mice (Bariselli et al 2018). Together, this indicates 
that Nlgn3y/- mice have both social behaviour and courtship behaviour abnormality. 
The decreased USV and social interest could be explained by these not being encoded as 
being salient. However, the sucrose preference of Nlgn3y/- mice and their Nlgn3y/+ littermates 
was observed to be similar (Radyushkin et al 2009), suggesting that there may not be a 
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difference in their perception and motivation for salient stimuli. The lack of interest for the 
novel mouse and the conditioned place preference could be explained by a lack of memory, 
but the learning on the morris water maze of Nlgn3y/- mice and their Nlgn3y/+ littermates 
appears to be largely the same (Radyushkin et al 2009). Similarly, novel object recognition 
does not appear to be altered in Nlgn3y/- mice (Bariselli et al 2018). These results indicate 
that the deficits in memory and novelty appear to be social specific. Interestingly, contextual 
fear conditioning revealed that Nlgn3y/- mice spent less time freezing than their Nlgn3y/+ 
littermates, however, as will be discussed, Nlgn3y/- mice have been shown to be hyperactive 
compared to their Nlgn3y/+ littermates, likely indicating that the decreased freezing is not due 
to memory problems. 
In the open field arena, Nlgn3y/- mice show hyperactivity compared to their Nlgn3y/+ 
littermates (Radyushkin et al 2009, Rothwell et al 2014). Additionally, the anxiety levels of 
Nlgn3y/- mice compared to their Nlgn3y/+ littermates has been assessed by quantifying 
thigmotaxic behaviour in the open field arena. Both studies reported that Nlgn3y/- mice do 
not show altered thigmotaxic behaviour compared to their Nlgn3y/+ littermates (Radyushkin 
et al 2009, Rothwell et al 2014). Similarly, it was reported that elevated plus maze open arm 
exploration was not different between Nlgn3y/- mice and their Nlgn3y/+ littermates, 
suggesting anxiety as measured on the elevated plus maze was also not different, however, 
nose poke behaviour was increased indicating a possible decreased anxiety (Radyushkin et al 
2009). Finally, Nlgn3y/- mice were reported to show decreased digging for a food reward 
(Radyushkin et al 2009). The authors of this work speculate that this may be indicative of an 
olfactory deficit, however, it is worth noting that digging behaviour of mice can be impacted 
by anxiety and can also be a measure of repetitive behaviours. These behaviours are 
summarised in figure 1.1. 
1.1.4. Behavioural phenotypes of Nlgn3y/- mice with characterised neuronal correlates   
Some studies have investigated the impact of Nlgn3 deletion within specific neuronal 
networks, and its impact on the behaviours of mice. It has been shown that Neuroligin-3 
knockout mice have deficits in their long-term depression in the cerebellum that are 
associated with increased time for steps on the Erasmus ladder. Re-expression of Neuroligin-
3 in the Purkinje cells of the cerebellum restores these phenotypes. Furthermore, deletion of 
Neuroligin-3 leads to abnormal purkinje cell projections which are also restored when Nlgn3 
is re-expressed in Purkinje cells (Baudouin et al 2012). Neuroligin-3 deletion in Purkinje cells 
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only also leads to hyperactivity in mice while Nlgn3 deletion with all parvalbumin (Pvalb)-
expressing cells, including the Purkinje cells, led to decreased activity within the open field 
arena, indicating that purkinje cells control specific aspects of the phenotypes of the mice 
(Rothwell et al 2014). Furthermore, it has been shown that Nlgn3 deletion within Pvalb-
expressing cells of the CA1 region of the hippocampus leads to impaired contextual fear 
extinction, but not fear conditioning (Polepalli et al 2017). These data show that Pvalb-
expressing cells are key in the control of some of the phenotypes of Nlgn3 knockout mice. 
The striatal circuitry has also been implicated in the behaviours of Nlgn3 knockout mice. 
Deletion of Neuroligin-3 in the dopamine receptor 1 expressing cells of the nucleus 
accumbens (NAc) leads to enhanced rotorod performance (Rothwell et al 2014). Similarly, 
knockdown of Nlgn3 within dopaminergic neurones of the ventral tegmental area (VTA) leads 
specifically to decreased social interactions with novel and non-novel mice, and decreased 
interest for social novelty as measured by the three-chamber test (Bariselli et al 2018). These 
data demonstrate that Nlgn3 expression within multiple neuronal populations contributes to 
the phenotypes of the mice. The brain regions associated with phenotypes in Nlgn3y/- mice 
are summarised in figure 1.1. 
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1.1.5. Behavioural phenotypes of female Nlgn3 knockout mice  
Finally, the behavioural phenotypes of Nlgn3+/- mice and Nlgn3-/- mice remained largely 
unassessed or not assessed at all, respectively. One study characterised the preference of 
Nlgn3+/- mice compared to Nlgn3+/+ mice to bedding taken from either male cages or clean 
bedding. This work revealed that Nlgn3+/- mice do not show a preference to spend time with 
the bedding from male cages, while Nlgn3+/+ mice do, suggesting a phenotype relating to 
social behaviour or social olfaction may exist (Dere et al 2018). However, the behaviours of 
Nlgn3 knockout female mice need further characterisation. 
1.1.6. Considerations when investigating Nlgn3 knockout mice 
Given the behavioural and synaptic properties, Nlgn3 knockout mice seem like an ideal model 
to study ASD-related behaviours. However, some considerations need to be taken into 
account. Like in the human condition, sex differences in behaviours of mice are observed in 
female mouse models of ASD. For example, male but not female 16p11.2 deletion mice show 
sleep disturbances, and male Ehmt1 mice but not female Ehmt1 mice show decreased social 
play at 28-32 days old (Balemans et al 2010, Angelakos et al 2017). A similar observation has 
been made in environmental models of ASD; two studies looking at the effect of letrozole or 
valproic acid (VPA) exposure in utero in rats observed a sexual dimorphism in the social 
behaviours of the rats (Schneider et al 2008, Xu et al 2015). In Nlgn3 knockout mice this is 
further complicated by Nlgn3 being X-linked, meaning that while male mice are either 
Nlgn3y/+ or Nlgn3y/-, females can either be Nlgn3+/+, Nlgn3+/-, or Nlgn3-/-. This means that 
female Nlgn3+/- mice have altered gene dosage that is further complicated by the x-
inactivation of one of the x chromosomes. The X-linked nature of the gene is important to 
consider, given that it has been theorised that X-linkage of ASD-related genes have been 
associated with the sex difference seen in ASD (Reviewed in Baron-Cohen et al 2011). These 
studies highlight the importance of assessing the behaviours of both male and female models 
of ASD.  
Furthermore, it is frequently found that mouse models of ASD lead to consequences on 
behaviours that can be interpreted as being related to social hierarchy. The social hierarchy 
is defined as individual mice within a social group occupying dominant, subdominant, and 
submissive positions (Lindzey  et al 1961, Wang et al 2011, Van den Berg et al 2015, So et al 
2015). The position within the social hierarchy impacts the behaviours and physiology of 
mice; this will be discussed at greater length in section 1.2.4. More dominant mice show 
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increased numbers of agonistic displays, increased courtship USV, and increased numbers of 
wins in the tube test, a test in which the submissive mouse gets pushed out of a tube by the 
dominant mouse (Lindzey  et al 1961, Wang et al 2011, Van den Berg et al 2015, Stagkourakis 
et al 2018). Mouse and rat models of ASD have been shown to have phenotypes relating to 
social submission, such as decreased aggression, decreased courtship USV, and decreased 
numbers of wins in the tube test (Spencer et al 2005, Cheh et al 2006, Jamain et al 2008, 
Wöhr et al 2011, Yang et al 2015, Saxena et al 2018). These results indicate that social 
dominance behaviours of rodent models of ASD may be commonly disrupted. Consistent 
with this, it was observed that Nlgn3y/- mice have decreased courtship USV (Radyushkin et al 
2009, Fischer and Hammerschmidt 2011), possibly indicating that they are socially 
submissive. Furthermore, given that the hierarchy involves the interaction of mice within that 
social environment, it is important to consider how the presence of mouse models with 
socially submissive phenotypes could impact the group.  
1.1.7. Summary and outstanding questions  
Nlgn3 knockout mice share many of the core pathologies seen in other mouse models and in 
those with ASD, indicating that Nlgn3 mice successfully recapitulate aspects of the disorder. 
While the behavioural analyses of Nlgn3y/- mice gives an insight into the impact of Nlgn3 
deletion on these phenotypes, some questions remain outstanding. The analysis was only 
thoroughly complete in male mice, however, given the sex bias seen in ASD, and the sexual 
dimorphisms seen in some animal models of ASD, it is important to assess how deletion of 
Nlgn3 impact the behaviours of female mice. Additionally, the decreased levels of USV of 
Nlgn3y/- mice could indicate that the Nlgn3y/- mice have a socially submissive phenotype, 
however other measures of social hierarchy have not been taken to confirm this. Given the 
changes in the social and, possibly dominance, behaviours of Nlgn3 knockout mice, it is of 
interest to know whether Nlgn3 knockout mice may be impacting the behaviours of their 
wild-type littermates. As will be discussed in the next section, the social environment is key 
in shaping the behaviours and physiology of mice. Therefore, it is possible that the inclusion 
of Nlgn3 knockout mice could lead to disruption of the behaviours of their littermates.  
 
  
Chapter one 
10 
 
1.2. The influence of the social environment on behaviour and physiology  
Mice are social animals. They form social groups where they interact and react to each other. 
The social environment is an important factor to consider when looking at the behaviour and 
physiology of mice, as mice show alterations in their behaviour and physiology dependent 
upon their social experiences. This is particularly important within the laboratory setting, 
where laboratory mice are typically housed in small social environments, and therefore the 
social environment could possibly be influencing factors relating to experimental outcomes. 
In this section, the literature relating to how to the social environment can be an important 
factor in mediating the behaviours and physiology of mice will be reviewed, with some 
attention being given to other species where necessary.  
1.2.1. The effect of early life social manipulations 
One of the most effective ways to show that social housing is key in mediating the behaviours 
and physiology of mice is through social isolation and social enrichment paradigms. The 
effects of the early life social environment can be explored through early life maternal 
separation or communal nesting. This will be discussed in this section. 
Early in development, mice are dependent upon the dam for warmth and nutrition. 
Manipulations of the pup-dam relationship have demonstrated that social interaction with 
the dam can lead to long term behavioural, biochemical, and morphological changes. 
Paradigms utilising maternal separation demonstrate that maternally separated pups show 
decreased hippocampal dependent learning and memory, increased depressive behaviours, 
increased locomotion, aberrant stress response, and increased adult subordinate behaviours 
(Romeo et al 2003, MacQueen et al 2003, Macrı ̀et al 2004, Millstein and Holmes 2007, Rice 
et al 2008, Curley et al 2008, George et al 2010, Benner et al 2014). Similarly, in male rats, 
maternal separation has been shown to have long-lasting effects on their behaviours, 
including altered stress response, and in addition to this, a correlation between maternal 
care behaviours, such as licking, and adult anxiety of the pups has been observed (Caldji et al 
1998, Huot  et al 2004, Menard et al 2004).  
In contrast to early life separation, early life enrichment can also be used to assess how the 
early life social environment leads to changes in behaviour and physiology of mice. In one 
such experiment, the effect of communal housing compared to normal housing of pups was 
assessed. Communal housing consists of housing numerous dams and their pups together, 
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compared to the ‘standard’ condition, of one dam and her litter only. This work only assessed 
the behaviours of the male mice, in adulthood. It was observed that mice from communal 
housing conditions went on to develop, as adult mice, more ‘pro-social’ behaviours of social 
investigation, allogrooming, and allosniffing, furthermore the social hierarchy was 
established more rapidly (D’Andrea et al 2007, Branchi, D’Andrea, Fiore et al 2006). 
Moreover, it has been observed that adult male mice that were raised in communal housing 
conditions during development showed increased depressive like behaviours, increased 
anxiety behaviours, and altered hippocampus neurogenesis, giving further evidence to the 
notion that these changes are affecting the emotional reactivity of the mice (Branchi and 
Alleva 2006, Branchi, D'andrea, Sietzema et al 2006). These studies show that early life social 
enrichment can influence the behaviours and social structures of the mice in adulthood. 
These early life manipulations are important as they demonstrate how small alterations of 
the early life social environment can shape the future behaviours and physiology of the mice 
in adulthood.   
1.2.2. Social isolation and instability in adolescent and adult mice 
Social environment manipulations can also be applied later in development, either post-
weaning in adolescence or in adulthood. The benefit of utilising social environment 
manipulations in adolescence and adulthood is to determine if the social environment 
influences the behaviours of adult mice.  
Adult male mice that were socially isolated following weaning show increased levels of social 
interaction with the novel mouse in the three-chamber paradigm (Naert et al 2011). This 
would suggest that either the social interest or the social memory of these mice has been 
impacted by the isolation. Post-weaning social isolation has also been shown to lead to 
increased levels of aggressive behaviours of mice (Ibi et al 2008), indicating that the social 
environment also shapes aggressive behaviours. Furthermore, the study of Naert et al (2011) 
also looked at the locomotive behaviour of the mice over 23 hours and observed alterations 
of the socially isolated mice in comparison to group housed mice, in particular in the dark 
phase. A similar finding of increased open field activity has been observed in socially isolated 
male rats (Ashby et al 2010, Schiavone et al 2009, Schiavone et al 2012).  
Changes relating to emotional processing are also observed in socially isolated male mice. 
Adult male mice were socially housed or socially isolated for 7 weeks, in either ‘enriched’ or 
‘impoverished’ conditions to assess how social housing impacts emotional reactivity to the 
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material environment. Enriched conditions included having additional objects, such as tubes 
and dens, while ‘impoverished’ conditions included only a nest. It was observed that 
environmental enrichment leads to reduced anxiety, as measured by thigmotaxis behaviour, 
in the socially housed but not socially isolated mice (Chourbaji et al 2005). This suggests that 
the social environment is an important factor in mediating the behavioural response of mice 
to external stimuli.  
Anatomically, social isolation of adult male mice leads to decreased myelination within the 
prefrontal cortex (PFC) that corresponds to decreased levels of social interaction. When the 
myelination was reversed in these mice using pharmacological intervention, the decreased 
levels of social interaction were shown to be reversed (Liu, Dupree, Gacias et al 2016). In 
other studies, in socially isolated adult male and female mice, it was revealed that the 
structural connectivity changes in brain regions in male and female mice correlated with 
behavioural abnormalities in fear conditioning and open field locomotive behaviours (Liu, Li, 
Edwards et al 2016). These studies show that social isolation leads to neurological change 
that corresponds with behavioural change.  
Furthermore, the social environment of mice can have profound effects on other 
pathophysiological processes. It has been demonstrated that incision wound healing was 
delayed in two species of mice that had been socially isolated and had stress induced, 
compared to those that are stressed and in group housed conditions. This shows that housing 
impacts more general pathophysiological processes (Glasper et al 2005). Similarly, social 
housing has also been shown to lead to increased recovery from traumatic head injury in 
mice (Doulames et al 2015). Importantly, investigation into how the quality of social housing 
can impact healing has been explored.  It has been demonstrated that in adult male mice 
that had been given an artery occlusion as a model of stroke, mice that were co-housed with 
a healthy partner had significantly increased recovery rates compared to isolated mice. 
Interestingly, mice that were co-housed with a partner that had also received an artery 
occlusion did not recover as well as mice that were co-housed with a healthy partner, 
suggesting that individual factors relating to the partner mouse can lead to different 
outcomes for the subject (Venna et al 2014). These studies again indicate that not only the 
presence of the social environment is important, but the manifestation of the social 
environment itself also seems to be key in regulating the outcomes of the mice within that 
group.  
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The manifestation of the social environment in adolescent male mice has been explored. A 
social instability paradigm has been shown to lead to alterations in behaviour and physiology; 
the social instability paradigm consists of alternating the mice within a specific social 
environment, ensuring any added mice are always novel. It was observed that mice subjected 
to the social instability paradigm demonstrate alteration to factors that mediate the stress 
response, such as a decrease in hippocampal levels of mineralocorticoid receptor and 
glucocorticoid receptor mRNAs, receptors that mediate the stress response and changes in 
the adrenal and thymus glands, and corticosterone levels. Consistent with this is the 
observation that the mice that were subjected to the social instability paradigm also show 
decreased time spent in the open arms of the elevated plus maze and increased levels of 
novelty supressed feeding, indicating an increase of anxiety (Schmidt et al 2007, Sterlemann 
et al 2008). These studies are of importance, as they suggest that the manifestation of the 
social environment may be as influential on the behaviours and physiology of the mice as the 
impact of social isolation. 
These social isolation paradigms in adolescent and adult mice and rats inform us that there 
is no critical window for general behavioural and physiological change due to social housing 
in mice. They further demonstrate that the social environment is key in regulating normal 
physiological and behavioural processing of the mice. Furthermore, the experiments looking 
at the effect of the changing social environment, and the housing of the two stroke mice 
together, reveal that when it comes to the effect of social housing, the quality, and not just 
the quantity, of the social interactions appear to be important. Given the vast array of 
outcomes of the altered social environment, from behaviour, physiology and 
pathophysiology, and anatomical changes, it appears that social housing is a key factor in the 
assessment of experimental outcomes.   
1.2.3. Sexually dimorphic responses to the social environment.  
An important question that needs to be addressed is if the social environment impacts male 
and female mice equally. As will be discussed later, male mice form social hierarchies that 
impact the individuals within the groups. Male mice show higher levels of aggression towards 
unfamiliar males and show aggressive displays to other mice within their social hierarchies. 
In contrast to this, aggression in female laboratory mice is uncommon, typically only 
appearing during lactation (Uhrich et al 1938, Kudryavtseva 1991, Matsumoto et al 2005, 
Wang et al 2011). This suggests that the fundamental social strategies utilised by female mice 
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are different to male mice, and therefore female mice may not react in the same manner as 
male mice to the social environment.  
A sexually dimorphic response to the relationship between maternal care and the behaviour 
of the pups has been observed. Maternal separation studies have shown that maternally 
separated male mice show increased anxiety in the open field arena and elevated plus maze, 
however only maternally separated female mice, when in diestrous, show increased anxiety 
in the open field arena (Romeo et al 2003). Regarding social behaviours, maternally 
separated female, but not male mice show increased time spent with a social partner in the 
three-chamber test and decreased time in the open arms of the elevated plus maze (Bondar 
et al 2018). A similar observation of increased social interaction in maternally separated 
female, but not male, rats has been observed (Farrell et al 2016). Furthermore, maternally 
separated male mice have been shown to have an increased latency to attack an unfamiliar 
male mouse, whilst, when lactating, maternally separated female mice have a decreased 
duration to attack an unfamiliar male mouse (Veenema et al 2007). Locomotion and memory 
processing have also been observed to have a sexually dimorphic response to maternal care. 
The offspring of female mice that are heterozygous for the gene Peg3, leading to defective 
maternal behaviours, have been assessed. It was observed that female, but not male mice, 
show altered locomotive reactivity to the open field arena as well as decreased reaction to 
the novel object in the novel object recognition test (Curley et al 2008).  
Social isolation and social instability have also been shown to lead to a sexually dimorphic 
response. Socially isolated male and female mice have been assessed, revealing that there 
are decreased exploratory behaviours and increased locomotion of female, but not male 
mice (Palanza et al 2001). As previously discussed, a social instability paradigm was 
developed and used in adolescent male mice (Schmidt et al 2007, Sterlemann et al 2008). 
This paradigm was later applied to female mice, and the data were compared with previous 
studies. Some similarities to the observations made in the male mice were observed; like the 
males, the females showed increased corticosterone levels, increased adrenal and thymus 
weight, and increased anxiety, as measured by novelty supressed feeding. Some sexually 
dimorphic changes were observed; males showed unchanged levels of corticotropin-
releasing hormone in the paraventricular nucleus of the hypothalamus, while in females this 
was decreased, and the males showed increased levels of vasopressin, decreased time in the 
open arms of the elevated plus maze, and decreased glucocorticoid receptor, in the females 
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these were unchanged (Schmidt et al 2010). These data suggest that female mice respond 
differently to the social environment, however, these experiments were conducted years 
apart, and the study of Schmidt et al (2010) does not contain male mice data as a control.  
In rats, the impact of social isolation and crowding has been shown to have a sexually 
dimorphic response. Crowding leads to reduced corticosterone in female, but not male rats, 
while isolated male rats have decreased corticosterone, and isolated female rats have 
increased levels of corticosterone (Brown et al 1995). In a social instability paradigm, both 
male and female rats showed increased weight, decreased thymus size, unchanged 
corticosterone levels, while only females showed increased adrenal weight (Haller et al 
1999). Behaviourally, sexually dimorphic changes in anxiety levels as measured by the 
elevated plus maze and adrenocorticotropic hormone following acoustic startle in socially 
isolated male and female rats have been recorded (Weiss et al 2004). Finally, these 
differential impacts of socially isolated male and female rats lead to altered longevity of 
bromodeoxyuridine staining, suggesting that neurogenesis in response to the social 
environment may also be sexually dimorphic (Westenbroek et al 2004). 
All together, these studies demonstrate that male and female mice and rats can respond 
differently to the social environment, both behaviourally and physiologically. Therefore, 
when assessing the impact of the social environment, it is important to characterise its effect 
in females as well as males.   
1.2.4. Impact of hierarchy on behaviours and physiology 
A major factor in how the social environment can lead to a sexually dimorphic impact on the 
behaviour of mice is the formation of social hierarchies. Social hierarchies are a social 
structure seen across many species: humans, apes, pigs, mice, fish, birds, cockroaches, and 
lobsters, to name a few, all show versions of social hierarchy (Fielder et al 1965, Meese  et al 
1973, Bell et al 1978, Ejike et al 1980, Marler et al 1995, Sapolsky et al 2005, Zink et al 2008). 
Social hierarchies are well defined in male wild and laboratory mice, in which the individual 
mice take up positions as either the dominant, subdominant, and the submissive (Lindzey  et 
al 1961, Van Loo et al 2001, Wang et al 2011, So et al 2015, Williamson, Lee and Curley, 2016, 
Williamson, Franks and Curley 2016, Van den Berg et al 2015, Horii et al 2017). Behaviourally, 
dominant mice show increased numbers of agonistic displays of chasing, and more rarely 
attacking, towards their littermates, especially when given new bedding possibly indicating a 
territorial behaviour (Wang et al 2011). Furthermore, they overgroom and pluck the whiskers 
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of their submissive littermates, known as the Dalia effect (Warne 1947, Wang et al 2011, 
Kalueff et al 2006).  
Many assessments in mice, and other species, have revealed that depending on the position 
within the social hierarchy, numerous characteristics of the individual can be altered. 
Therefore, when understanding how the social environment contributes to the development 
of the characteristics of the individuals of that group, it is important to determine what role 
social hierarchy may be playing. Finally, before the discussion of the impact of hierarchy on 
the individuals, it is important to clarify that social hierarchy is different to social defeat 
paradigms utilised in some experiments. Social hierarchy is defined by the interactions of 
animals of a group known to each other, while social defeat typically involves interaction with 
an unfamiliar, and often aggressive, partner.   
Behaviourally, dominant lab mice have been shown to have increased ‘patrols’ compared to 
submissive mice while submissive mice show avoidance behaviours of dominant mice 
(Crowcroft and Rowe 1963, Ely et al 1978) and dominant mice show increased territorial 
urination (Desjardins et al 1973, Wang et al 2011). Position within the social hierarchy 
impacts the distribution of time spent on activities, with dominant mice spending more time 
on a wheel, a rewarding stimulus for mice (Vargas-Pérez  et al 2008, Vargas-Pérez  et al 2009). 
Furthermore, dominant mice have priority over resources (Merlot et al 2004, Wang et al 
2011), and show increased courtship behaviour towards females (Wang et al 2011). 
The position in the social hierarchy has been shown to influence how mice react to threat 
from unfamiliar mice not from their own social hierarchy. In one study of mice that are 
assessed for dominance in the tube test, it has been shown that prior to social defeat, 
dominant mice showed higher levels of anxiety, and no changes in the locomotion, as 
measured by the elevated plus maze and thigmotaxis in the open field arena. Following 
chronic social defeat, both the dominant and submissive mice showed similar anxiety 
profiles, while the dominant mice showed a more pronounced increase in body weight. 
Baseline and post-chronic social defeat NAc metabolism were also observed to be dimorphic 
between dominant and submissive mice (Larrieu et al 2017). Of note, however, is that there 
are contrasting reports on whether dominant mice show increased anxiety. Another report 
shows that it is the submissive mice that spends less time within the open arms of the 
elevated plus maze, while no difference in open field thigmotaxis is observed between the 
dominant and submissive, and additionally the submissive shows increased helplessness in 
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the forced swim test compared to dominant male mice (Horii et al 2017). Consistent with the 
work of Larrieu et al (2017) is that locomotion within the open field activity arena has been 
shown to remain unchanged dependent upon hierachy (Horii et al 2017). The work of Larrieu 
et al (2017) assessed dominance of mice, that were group housed at 6 weeks old, using the 
tube test, while the work of Horii et al (2017) assessed the aggressive behaviours of mice that 
were group housed with each other at 6 weeks of age, possibly leading to the discrepancy 
observed in the results. The aggression could possibly be the submissive mouse challenging 
the dominant mouse in this case, and other factors such as food and territory size could also 
lead to this difference. Regardless, there appears to be a split in the behaviours of mice 
dependent upon if they are dominant or submissive. 
The position of the social hierarchy has been shown to impact the expression of mRNAs in 
the brain. In mice that were determined to be dominant or submissive through computerised 
tracking of behavioural interactions, quantitative real-time polymerase chain reaction (qPCR) 
was used to assess levels of mRNA dependent upon position within the social hierarchy. It 
was observed that levels of corticotropin-releasing hormone mRNA of the amygdala and 
medial preoptic area (mPOA), and glucocorticoid receptor mRNA and brain-derived 
neurotrophic factor mRNA levels of the hippocampus were all found to be increased in 
dominant mice (So et al 2015). Similarly, qPCR analysis of the hippocampus of dominant and 
submissive mice revealed that mRNAs for many serotonin receptors, tropomyosin receptor 
kinase B (TrkB), and cAMP responsive element binding protein 1 (Creb1) were all elevated in 
dominant mice, corticotropin-releasing hormone mRNA is decreased in the hypothalamus of 
dominant mice, and in both the hippocampus and striatum of submissive mice levels of 
synapsin IIb mRNA and synapsin IIb protein are increased (Horii et al 2017, Nesher et al 2015). 
Interestingly, as discussed in section 1.2.1, the early life social environment was shown to 
impact corticotropin-releasing hormone, glucocorticoid receptor and brain-derived 
neurotrophic factor levels of the mice in adulthood. Together, this suggests that like the early 
life environment, the position within the social hierarchy also leads to altered transcriptomes 
of the mice, implicating stress response and synaptic functioning in the mice, dependent 
upon position within the social hierarchy.  
The position within the social hierarchy impacts physiology of animals. Dominant mice have 
altered properties relating to dopaminergic and adrenalin physiology, and they showed 
decreased levels of corticosterone when stressed. Similarly, submissive mice have been 
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observed to have increased corticosterone levels, that are comparable to the levels seen in 
socially isolated mice (Ely et al 1978, Doulames et al 2015). The impact of the position within 
the social hierarchy on the neurophysiology of primates has also been assessed. In macaques 
it has been observed that low position within the social hierarchy, as determined through 
aggression and grooming behaviours, leads to decreased occupancy of the dopamine 2 
receptor, accompanied by increased cocaine self-administration (Morgan et al 2002). 
Similarly, in rhesus monkeys, it was observed that social rank influences the sedative effects 
of diazepam, with submissive monkeys showing increased sedative effects from diazepam. 
The social rank was determined by behaviours including aggression, food access, and 
retreating behaviours (Delgado et al 1976). A summary of the influence of hierarchy on the 
behaviours and physiology of mice can be found in figure 1.2. 
While females of many species do show the existence of social hierarchies, in female 
laboratory mice these are much less well defined than in males. Female laboratory mice and 
wild-derived mice rarely fight with each other and typically only show aggression during 
lactation (Uhrich et al 1938, Hurst et al 1987, Hasan et al 2005, König et al 2012). By assessing 
behaviours of albino Han:NMRI female mice, such as pushing, climbing, and grooming, and 
correlating these behaviours with levels of corticosterone, it was observed that there was a 
correlation of dominance levels and corticosterone, with dominant mice having lower 
corticosterone levels. This is consistent with what is observed in male mice, indicating that 
female mice have social hierarchies (Schuhr  et al 1987, Doulames et al 2015). Sniffing 
behaviour has indeed been related to social dominance within the social hierarchy of male 
mice, suggesting potentially some preservation of social structure between the two sexes (So 
et al 2015). In contrast to the work of Schuhr et al (1987), another study characterised the 
social hierarchies of wild-derived female mice, by scoring within cage agonistic behaviours. 
Out of the 10 groups observed, only 4 showed the presence of a consistently dominant 
female, with the majority of the females showing similar dominance levels to each other. In 
this study, no link was found between corticosterone levels and numbers of agonistic displays 
(Weidt et al 2018). This difference could potentially be explained by the different methods 
used to score hierarchy in the mice, and the different background of the mice used. Finally, 
in another study, the tube test determined that female mice, like male mice, have linear 
hierarchies, however, some differences in how the hierarchies manifest were observed (Van 
den Berg et al 2015). Altogether, these data do indicate that female mice may have social 
hierarchies or some type of group inequality.  
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Together, these studies demonstrate that social hierarchy mediates individual response at 
both a baseline level and when in superficial conditions. As the social hierarchy is a 
manifestation of the social environment, any altered social behaviours of individuals that 
could impact the hierarchy may have behavioural and physiological consequence on other 
members of that hierarchy. Many studies overlook the impact of the potential disruption to 
the social hierarchy of the mice. Therefore, when assessing the group behaviours of mice, 
the consequence of disruption to the social hierarchy needs to be considered given that social 
hierarchy has such a strong effect on behaviour and physiology. 
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Dominant Mice: 
• ↑Increased courtship ultrasonic 
vocalisations towards female and 
territorial marking 
• ↑ Increased access to resources 
• ↑ Increased participation in rewarding 
behaviours (wheel running) 
• ↑Increased glucocorticoid receptor 
mRNA and brain-derived neurotropic 
factor mRNA (hippocampus) 
• ↓ Decreased corticotropin-
releasing hormone mRNA 
(hypothalamus)  
 
 
Submissive Mice: 
• ↓ Decreased TrkB mRNA, serotonin 
receptors mRNA, and Creb1 mRNA 
(hypothalamus) 
• ↑ Increased expression synapsin IIb  
mRNA and protein (hippocampus 
and striatum) 
• ↓ Decreased corticotropin-
releasing hormone mRNA (amygdala 
and medial preoptic area)  
• ↑Increased corticosterone levels 
 
 
Figure 1.2. Position within the social hierarchy impacts both behaviour and physiology. 
Conflicting reports on impact of hierarchy on anxiety levels  
 
 
 
 
Dominant Monkeys: 
• ↑ Increased dopamine 
receptor 2 availability, and 
decreased addiction  
 
 
 
 
Submissive Monkeys: 
• ↑ Increased sedative effects of 
diazepam  
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1.2.5. Socially defeated mice  
Social defeat typically involves interaction with a partner chosen due to high levels of 
aggressive behaviours, or interaction with a partner in an environment manipulated in order 
to induce aggressive behaviours. Social defeat is not equated to hierarchy, unless the 
relationship between the two mice is maintained allowing a hierarchy to be established. 
Nonetheless, social defeat is a useful tool in demonstrating how the interactions between 
mice can shape their behaviour and physiology. Male mice that have been socially defeated 
by another aggressive mouse show a long-lasting social withdrawal from unfamiliar mice, an 
effect that was mediated by brain-derived neurotrophic factor activity within the VTA and 
NAc (Berton et al 2006). Similarly, it has been demonstrated the mesolimbic dopaminergic 
system responds to social defeat in mice and rats (Tidey et al 1996, Krishnan et al 2007, 
Anstrom et al 2009, Cao et al 2010). These studies show further that the interactions of mice 
shape the behaviour and physiology and implicate the striatum as region that may be 
important in mediating the response to the social environment. Other brain regions have also 
been shown to have changes following social defeat in rats and mice, including the 
hippocampus, cortex, medial PFC (mPFC), and brainstem (Kang et al 1991, Krugers et al 1993, 
Wohleb et al 2011). Interestingly, RNA sequencing (RNAseq) analysis of socially defeated 
mice has shown that many autism related genes show altered expression within the 
hippocampus, striatum, raphe nucleus, and hypothalamus. Interestingly, Nlgn3 was observed 
to be decreased in the hypothalamus of defeated mice (Kudryavtseva et al 2017). However, 
this work was only done on three mice per group, and the results were not validated in a 
larger sample size. Altogether, these studies demonstrate that even brief interactions with 
intruders are sufficient to lead to behavioural and physiological responses in mice and rats.  
1.2.6. Transfer of emotional state in rodents 
Some studies have assessed the transfer of emotion in rodents. It has been shown that mice 
are sensitive to the pain of peers, showing increased pain sensitivity when watching another 
mouse in pain (Langford et al 2006). It has also been demonstrated that when ‘observer’ 
C57BL/6 mice are conditioned to tones that precede the distress of another mouse, there is 
an observable increase in heart rate and freezing behaviour of the observer C57BL/6 mice 
upon hearing those tones again (Chen et al 2009). In rats, when a subject rat was foot-
shocked and then housed with a rat ‘observer’ that had not received nor seen the foot-shock, 
the observer showed increased levels of c-fos in the amygdala that were comparable to those 
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of the foot shocked rat, and both had significantly elevated levels of amygdala c-fos levels 
compared to control non-foot shocked rats and their ‘observer’ rats (Knapska et al 2006). In 
similar studies, it has been observed that the behaviour of the ‘observer’ rats are also 
impacted, with the observer showing increased social exploration, and freezing behaviour 
(Knapska et al 2010, Bruchey et al 2010).   
Studies in mice and rats also show that following a stressor, social housing can ameliorate 
some of the stress response. In mice, social housing after fear conditioning impacts the 
consolidation of the fear memory (Bredy and Barad 2009). Similarly, in rats that have been 
exposed to a foot shock, being housed with an unfamiliar rat alleviates some of the 
autonomic response, while being housed with a familiar rat alleviates both the autonomic 
and behavioural responses (Kiyokawa et al 2007). 
These studies are important as they demonstrate that the emotional state of one animal 
within a social environment can impact the emotional state of another. Given that many 
models of neurodevelopmental disorders show behavioural change, including altered anxiety 
behaviour, it seems plausible that there could be a transfer of these phenotypes to other 
animals within that social environment.  
1.2.7. The impact of mixed genotype housing on the behaviours of mice 
Given that the social environment is key in shaping the behaviours of the rodents, it is 
important to consider how the presence of mice with altered behaviours impact the social 
behaviours of the mice within the group. Some studies have demonstrated that the genotype 
of the littermates does influence the phenotypes of the mice. It has been demonstrated that 
the cross fostering of genetically variable mice with genetically uniform mice leads to 
behavioural changes, known as indirect genetic effects, on the suckling behaviours of the 
genetically uniform mice (Ashbrook, Sharmin, Hager 2017). This is of importance as it 
demonstrates how the phenotypic expression of an individual’s genome can lead to altered 
phenotypic expression in mice that have a different genome to themselves. That is to say, 
when mice are housed with other mice with the same genome as themselves, they may have 
different phenotypes compared to when these same mice are housed with mice with 
different genomes as themselves. This is an important factor to consider, as variations in 
genetic expression of mice could influence behavioural outcomes in the littermates that 
could have important implications in the analysis of all behaviours of animal’s form that 
group.  
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Similar effects have been seen in mice that have phenotypes that are of interest to the 
neuroscience community.  BTBR mice are an inbred mouse strain with social deficits and 
memory deficit and are used to model ASD. In one study, BTBR mice were either housed with 
a C57BL/6 mouse or BTBR mice. It was observed that BTBR mice housed with C57BL/6 
showed increased sociability, but not normalised grooming behaviours, compared to BTBR 
mice housed with other BTBR mice (Yang et al 2011). Similarly, another study demonstrated 
that BTBR mice that were housed with C57BL/6 mice and subsequently underwent ‘co-
learning’ with C57BL/6 mice showed improved performance on the novel object recognition 
task compared to BTBR mice that were trained alone or underwent co-learning with another 
BTBR mouse (Lipina  et al 2013). 
In another study, mice with estrogen receptor α (ERα) knockout were investigated. The mice 
were either housed as wild-types only, knockouts with wild-types, or knockouts only. At 
weaning, the mice were housed only with other mice the same genotype as themselves. 
Wild-type male mice from mixed genotype conditions showed significantly more aggression 
when faced with an unfamiliar mouse, while knockout male mice were not affected. Female 
knockout mice raised with other female knockout mice showed lower levels of social 
interaction (Crews et al 2009). These demonstrate that early life experiences with mice with 
altered social behaviours can impact the adult behaviours of the mice. Another example is 
that in male 16p11.2 deletion mice that were weaned into either wild-type only housing, 
mixed genotype housing, or heterozygous only housing, it was observed that the 16p11.2 
deletion mice in mixed genotype housing showed courtship USV deficits, while 16p11.2 
deletion mice in single genotype housing showed normal courtship USV (Yang et al 2015). 
The impact of the presence of genetic models with altered dominance behaviours on the 
behaviours of their littermates has been assessed. Adult male Cdkn1cBACx1 mice have 
increased dominance when tested against unfamiliar mice (McNamara et al 2017). It has 
been shown that when Cdkn1cBACx1 mice are housed with wild-type littermates there is 
increased hierarchy destabilisation and increased fighting compared to cages of wild-type 
mice that are not housed with Cdkn1cBACx1 littermates (McNamara et al 2018). This shows 
that the presence of littermates with aberrant dominance behaviour can lead to disruption 
of the hierarchy of the group. Furthermore, when Fmr1 knockout rats that are housed with 
wild-type littermates were tested in the tube test against unfamiliar wild-type rats, they were 
submissive, while Fmr1 knockout rats that were housed with other Fmr1 knockout rats were 
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dominant over unfamiliar wild-type rats (Saxena et al 2018). This demonstrates that the wild-
type littermates can also influence the genetic model.  
These studies demonstrate that it is possible that the behaviours of a genetic animal model 
can influence, and can be influenced by, the behaviours of other members of the group. It is 
important to consider how widespread this effect is as many models of neurodevelopmental 
and neuropsychiatric disorders have altered social and dominance-related behaviours. 
1.2.8. Conclusion and outstanding questions 
The literature reviewed in this section demonstrates that the social environment is key in 
shaping the behaviours and physiology of mice and rats. From deprivation of maternal 
behaviours to early life social enrichment, the studies in juvenile mice demonstrate how the 
social interactions during development shape the future of the behaviours and physiology of 
the mice in adulthood. In adolescence and in adulthood, isolation and an unstable social 
environment have shown to lead to behavioural and physiological changes in mice. 
Furthermore, it has been shown the response of the mice to the social environment are not 
necessarily the same in male and female mice. As discussed, this may be attributed to the 
clearly defined and reinforced social hierarchy in male mice, while hierarchies in females are 
less overt. Finally, some evidence suggests the presence of mice of a different genotype could 
influence the behaviours of the mouse of the different genotype. All these studies 
demonstrate that when assessing the behaviours of mice, the social environment needs to 
be considered. This is important as many studies in mouse models do not consider how the 
mouse model could be impacting the wild-type littermates. Indeed, this is of particular 
significance as many mouse models of neuropsychiatric and developmental disorders often 
manifest with social deficit, that could therefore impact their peers. Therefore, how the 
presence of mice with social deficits could impact their littermates is an important question 
that needs addressing.    
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1.3. Pvalb-expressing cells  
Parvalbumin, encoded by the gene Pvalb, is expressed in inhibitory interneurons throughout 
the central nervous system. Levels of parvalbumin and properties of Pvalb-expressing cells 
have been shown to be altered in ASD in humans, animal models of ASD, as well as being 
influenced by the social environment. In this section, the literature relating to the properties 
of Pvalb-expressing cells and their relationship with social behaviours and the social 
environment will be explored.  
1.3.1. The localisation and properties of Pvalb-expressing cells 
Pvalb-expressing cells are found throughout the central nervous system. Pvalb-expressing 
cells are GABAergic interneurons, that regulate the activity of other neurones through 
perisomatic and dendritic inhibition (Booker et al 2013). They are typically fast spiking and 
control the levels of gamma and theta oscillations (Vreugdenhil et al 2003, Sohal et al 2009, 
Wulff et al 2009, Carlen et al 2012). Pvalb-expressing cells are chandelier and basket 
interneurons of the cortex (Gabbott et al 1996, Rudy et al 2011), the basket cells and 
inhibitory interneurones of the hippocampus (Klausberger et al 2005, Katsumaru et al 1988), 
Purkinje cells, and molecular layer basket and stellate interneurons of the cerebellum (Zilla 
et al 1985, Kosaka et al 1993, Schwaller  et al 2002), and they are found in the thalamus (Arai 
et al 1994), the striatum (Cowan et al 1990, Kita et al 1990, Teramoto et al 2003), the 
brainstem (Bennett‐Clarke et al 1992, Lohmann et al 1996) and in the olfactory bulb of the 
mouse (Miyamichi et al 2013).  
1.3.2. Social behaviours and Pvalb-expressing cells 
Pvalb-expressing cell dysfunction has been associated with disorders affecting social 
behaviours in humans. Decreased numbers of Pvalb-expressing cells have been observed in 
the brains of those who had ASD, and in the brains of those that had schizophrenia 
(Zikopoulos et al 2013, Stoner et al 2014, Berridge et al 2013). Furthermore, individuals with 
ASD have altered levels of gamma and theta frequency oscillations, which are controlled by 
Pvalb-expressing cells (Dickinson et al 2015, Maxwell et al 2015, Larrain-Valenzuela et al 
2017). 
Studies characterising mouse models for ASD have observed decreased levels of parvalbumin 
protein within the brain (Peñagarikano et al 2011, Martins et al 2011, Selby et al 2007, Dong 
et al 2016). These studies suggest that there is either a decreased number of Pvalb-expressing 
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cells or a decreased level of parvalbumin protein. In the Nlgn3 R451C mutant model, it has 
been observed that there are fewer Pvalb-expressing cells (Gogolla et al 2009). Similarly, in 
a Pten mutant mouse, Pvalb-expressing cells were shown to have altered projections, with 
ectopic projections in some cortical layers, due to overgrowth of the Pvalb-expressing cells 
(Vogt et al 2015).  
These changes in parvalbumin levels are not limited to genetic models of ASD; they have also 
been seen in environmental models. In mice that have been exposed to valproic acid in utero, 
it has been observed that there are decreased levels of parvalbumin protein in the cortex 
and the striatum (Gogolla et al 2009, Lauber et al 2016). Therefore, both genetic and 
environmental models of ASD in mice lead to changes in levels of parvalbumin protein or 
impact the numbers and properties of Pvalb-expressing cells, suggesting a common 
pathology. 
The association of Pvalb-expressing cells with autism related phenotypes have been explored 
further by using conditional knockout of genes of interest, to spatially restrict the expression 
within, or exclude from, Pvalb-expressing cells. Functionally, conditional knockout of the Rett 
syndrome associated gene, MECP2, within Pvalb-expressing cells of mice leads to changes in 
motor coordination, learning and memory, and social behaviours (Ito-Ishida et al 2015). 
Cox10 encodes part of the respiratory chain, and deletion of Cox10 within mitochondria of 
Pvalb-expressing cells leads to impaired sociability as measured by the three-chamber test 
(Inan et al 2016). Deletion of Pvalb itself is sufficient to induce behavioural phenotypes 
related to ASD, including decreased social interest, impaired communication, and repetitive 
behaviours in mice (Wöhr et al 2015). Furthermore, optogenetically increasing the activity of 
Pvalb-expressing cells in the mPFC in the Cntnap2 knockout mice led to normalised levels of 
social interaction in a social dyadic pairing test (Selimbeyoglu et al 2017). A similar 
observation was made in the Nlgn3 R451C mutant knock-in mice, in which optogenetic 
modulation of the Pvalb-expressing cells restored the social deficit observed in the three-
chamber test (Cao et al 2018). Together, these studies demonstrate that the activity of Pvalb-
expressing cells is important in the control of social behaviours of mice.  
Interestingly, there may be a sexually dimorphic control of ASD-related behaviours by Pvalb-
expressing cells. When Pvalb-expressing cells and cholinergic interneurons of the dorsal 
striatum were ablated it was observed that male, but not female mice showed social deficit 
in the three-chamber test, increased anxiety, and increased stereotypy (Rapanelli et al 2017). 
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Of note is that the authors did not look at sex-specific effects of Pvalb-expressing cell ablation 
only, meaning that it is not clear if Pvalb-expressing cells only are mediating the sexually 
dimorphic response seen. In mGlur5 knockout mice, the numbers of Pvalb-expressing cells in 
the striatum were more severely impacted in male mGlur5 knockout mice than female 
mGlur5 knockout mice; this was consistent with the male mice showing more pronounced 
repetitive behaviours and increased paired pule inhibition phenotypes (Barnes et al 2015). 
An additional study showed that Pvalb heterozygous mice treated with estradiol have 
increased levels of parvalbumin protein, and a small improvement of their social behaviours 
compared to Pvalb heterozygous mice not treated with estradiol (Filice et al 2018). This study 
suggests that circulating sex-hormones may lead to a sexually dimorphic response in how 
genetic or environmental insults may impact Pvalb-expressing cells. Taken together, these 
studies suggest that Pvalb-expressing cells may be controlled in a sexually dimorphic manner, 
and therefore male and female mouse models of ASD that have phenotypes mediated by 
Pvalb-expressing cells may not necessarily show the same phenotypes. Given that many 
models of ASD show an impact on their Pvalb-expressing cell, and have phenotypes mediated 
by Pvalb-expressing cells, it seems that sexual dimorphism of Pvalb-expressing cells is a factor 
to consider when looking at the behaviours of male and female mice.   
1.3.3. The impact of the social environment on Pvalb-expressing cells 
Social isolation in mice has been shown to lead to decreased levels of parvalbumin protein, 
and morphological changes of Pvalb-expressing cells, particularly within the hippocampus 
(Ueno et al 2017). Furthermore, in a mouse model of schizophrenia, it has been observed 
that Pvalb-expressing cells are at increased risk of oxidative damage induced by social 
isolation (Jiang  et al 2013). In adult male and female rats that have been socially isolated, 
there is a decreased detection of parvalbumin immunoreactive cells in the hippocampus 
(Harte et al 2007, Filipović  et al 2013, Filipović et al 2018). Decreased levels of parvalbumin 
immunoreactivity have also been observed in the PFC and the NAc of socially isolated male 
rats (Schiavone et al 2009, Schiavone et al 2012). Similarly, in rats that were separated from 
the dam during development, the rats showed decreased levels of parvalbumin within the 
PFC (Brenhouse and Andersen 2011). These studies show that levels of parvalbumin protein 
and properties of Pvalb-expressing cells are influenced by the social environment. 
Interestingly, there may be a sexual dimorphism of the impact of the social environment on 
Pvalb-expressing cells. In a model of early life maternal separation in rats, the maternally 
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separated juvenile female, but not male rats showed decreased levels of parvalbumin protein 
and decreased sociability. The inverse was seen in adolescents, with the maternally 
separated male, but not female rats showing decreased levels of parvalbumin protein and 
decreased sociability (Holland et al 2014). This again indicates that Pvalb-expressing cell 
property may be regulated in a sexually dimorphic manner.  
Taken together these data demonstrate that levels of parvalbumin protein and properties of 
Pvalb-expressing cells are impacted by the social environment. In the majority of the studies, 
it is unclear whether or not the levels of parvalbumin protein itself is decreased, or if there is 
a loss of Pvalb-expressing cells themselves. Nonetheless, it is clear that levels of parvalbumin 
protein, and Pvalb-expressing cells themselves, are sensitive to the social environment.  
1.3.4. Conclusions and outstanding questions  
Post-mortem studies and animal models revealed that dysregulation of Pvalb-expressing 
cells is associated with ASD. Furthermore, the social environment led to aberrant levels of 
parvalbumin protein and altered properties of Pvalb-expressing cells. Therefore, when 
investigating aberrant social behaviour associated with ASD, Pvalb-expressing cells are an 
ideal population to explore further. Finally, some evidence indicates that Pvalb-expressing 
cells may be regulated in a sexually dimorphic manner; this should be considered when 
investigating the role of Pvalb-expressing cells in ASD-related phenotypes of mice.  
1.4. Aims and objectives of this thesis 
The aim of this PhD was to understand how Nlgn3 deletion impacts individual and group 
behaviours of mice, and to identify a neuronal population mediating this effect. This was 
achieved firstly by further characterising the social behaviours of Nlgn3y/- mice, and by 
characterising the social behaviours of Nlgn3+/- mice and Nlgn3-/- mice. This was followed by 
a comparison of mice from mixed genotype housed conditions with mice from single 
genotype housed conditions, to determine if the presence of mice with Nlgn3 knockout 
disrupts their littermates and to determine if the wild-type littermates also impact the 
knockout mice. Additionally, Nlgn3y/- mice and Nlgn3-/- mice that have Nlgn3 re-expressed in 
Pvalb-expressing cells were assessed to observe if individual and group behaviours were 
restored by re-expression of Nlgn3 in parvalbumin expressing cells. As the social environment 
has been shown to impact anxiety-related behaviours and the transcription of different 
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genes, these factors were also investigated to better understand the consequence of the 
presence of Nlgn3 knockout mice on the behaviour and physiology of the group. 
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Chapter 2: Materials and methods 
 
2.1. Husbandry and legislation 
All animal husbandry and experiments were performed in compliance with the UK Animals 
(Scientific Procedures) Act 1986 (ASPA, Home Office 1986), as amended in accordance with 
the Cardiff University Animal Care Committee's regulations. The mice were identified using 
ear notching at PD19 (postnatal day 19). Weaning took place at PD30, this allowed juvenile 
behaviour to be measured without the confounding stress caused by weaning. After 
weaning, mice were kept in same sex cages with their littermates, consisting of 2-5 mice per 
cage, and the littermates were never separated, nor were cage compositions rearranged. 
Females aged p60+ were used for breeding. Sires were separated from the female during 
pregnancy. All mice used had been backcrossed to a C57BL/6 background for at least eight 
generations. The mice had free access to food and water. For environmental enrichment 
mice had nesting material, a wooden chew stick and a cardboard tube. The mice were kept 
in cages of 16 cm x 48 cm, with a height of 14 cm and with a sawdust bedding that was 
changed once per week. The temperature was maintained between 18°C-22°C. The mice 
were kept on a 12-hour light/ dark cycle, at 06:00 the lights were turned on and at 18:00 the 
lights were turned off. All behavioural analysis was conducted in the light cycle. The mice 
were habituated to the testing room for at least 30 minutes before testing. The mice were 
handled regularly with minimal restraint to ensure that the mice were habituated to being 
handled prior to experiments, this was to avoid confounding factors caused by being handled 
with restraint (Hurst and West 2010, Ghosal et al 2015, Gouveia and Hurst 2017, Clarkson et 
al 2018). Handling of the mice began on PD19 onwards over the course of 2-3 days. Initially 
the carboard tube was used at first to guide the animals into walking onto the gloved hand. 
The cardboard tube was used to allow the mice to begin to explore the gloved hand under 
their own duress, without being lifted by the tail and placed onto the hand which could cause 
stress to the animal. The mice were then given time to become comfortable with sitting and 
walking on the gloved hand without becoming distressed or agitated. Importantly, this 
involved minimal restraint, such as tail holding. Once the mice were comfortable with being 
transported on the hand with no restraint, the mice were considered habituated to handling 
and experiments could begin.  
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2.2. Experimental animals  
2.2.1. Nlgn3 knockout mice 
Nlgn3 knockout mice contain a premature STOP-tetO sequence within the promotor region 
of the Nlgn3 gene (Tanaka et al 2010). The STOP-tetO sequence has loxP sites on either side, 
to allow for excision by Cre for re-expression of Nlgn3 (figure 2.1.A). 
2.2.2. Mice expressing Cre under the parvalbumin promotor 
Mice expressing Cre under the parvalbumin promotor were used. The mice originated from 
JAX (JAX:017320). The construct consists of an internal ribosome entry site (IRES) site, Cre, 
and a polyadenylation sequence expressed in the 3' UTR of exon 5 of the parvalbumin locus. 
When crossed with mice expressing the STOP-tetO codon, the Cre excises the STOP codon, 
and Nlgn3 is re-expressed in Pvalb-expressing cells only (figure 2.1.B). Additionally, it was 
shown that Nlgn3+/+Pvalbcre/+ mice compared to Nlgn3+/+ mice do not have altered social 
behaviour, activity, or anxiety related behaviour (appendix 1.0). This indicates that the 
presence of the Pvalbcre/+ construct alone is not a confounding factor in the behavioural 
measurements. 
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Figure 2.1. A schematic of the Nlgn3 knockout construct and re-expression with Cre. A, a 
premature STOP-tetO codon is inserted into the promotor region of the gene surrounded by 
LoxP sites, preventing the transcription of the gene. In the presence of Cre, the STOP codon 
is excised, and the Nlgn3 gene is re-expressed. B, a schematic of the construct in mice 
expressing the PvalbCre/+ construct. The construct is inserted into the three prime 
untranslated region (3'-UTR) of exon 5 of the endogenous parvalbumin gene. An internal 
ribosome entry site (IRES) prevents disruption of the endogenous parvalbumin protein 
expression. Therefore, when mice with the knockout of Nlgn3 are crossed with mice 
expressed Cre under the parvalbumin promotor, Nlgn3 is expressed within Pvalb-expressing 
cells only. 
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2.3. Genotyping 
In order to determine the genotype of the mice, ear notch samples were processed in order 
to extract DNA. These were taken on PD19 onwards and then again following death.  
2.3.1. DNA extraction and preparation 
Ear notch samples were placed into an Eppendorf tube, and the DNA was extracted on the 
same day. 150 µl of 0.5 M NaOH was added to the samples, which were then heated for 1 
hour at 90°C. The samples were then placed on ice for 5 minutes, following which, 50 µl of 
TrisEDTA (Tris 1 M, EDTA 4 mM pH 7.5) was added. The samples were vortexed, and then 
frozen at -20°C until used for polymerase chain reaction (PCR) confirmation of the presence 
of the genetic construct. 
2.3.2. Nlgn3 genotyping 
Detection of the Nlgn3 STOP-tetO construct was determined using the following primers, 
sense: 5’ TCCGTGGGCACATACACATTCAGA 3’ and antisense: 5’ 
AGCAGAGCTCGTTTAGTGAACCGT 3’. Running this on a 2% agarose gel with ethidium bromide 
gave a 700 base pair (bp) product corresponding to detection of Nlgn3 STOP-tetO construct, 
indicating that that there is a knockout allele present. The mice were also genotyped for the 
wild-type allele. The sequences for these are; sense: 5’ TCCGTGGGCACATACACATTCAGA 3’ 
and antisense: 5’ GGGCTGGATGTTGCAATTGGAGTT 3’. Running this on a 1% agarose gel with 
ethidium bromide reveals a 1000 bp product corresponding to the presence of the wild-type 
allele (see table 2.1). The combination of both genotyping primers made it possible to 
genotype Nlgn3y/+ mice and Nlgn3y/- mice, and, importantly, to differentiate between Nlgn3-
/- and Nlgn3+/- mice.  
2.3.3. Cre genotyping 
In order to detect the presence of Cre the following primers were used, sense: 5’ 
GGTTATGCGGCGGATCCGAAAAGAAA and antisense: 5’: 
ACCCGGCAAAACAGGTAGTTATTCGGATCA. Running this on a 2% agarose gel with ethidium 
bromide gives a 381 bp product that corresponds to the presence of the construct for Cre 
(see table 2.1). 
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 Primers 
5’ to 3’ 
Reagents Product 
size 
Cycle 
 
STOP-tetO 
for 
genotyping 
Nlgn3 
knockout 
Sense: 
TCCGTGGG
CACATACA
CATTCAGA 
 
Antisense: 
AGCAGAGC
TCGTTTAGT
GAACCGT  
2.5 µl New England 
Biolabs buffer 
0.5 µl 10 mM dNTP 
0.5 µl each primer (10 
mM) 
0.12 µl New England 
Biolabs taq 
polymerase  
1µl DNA 
19.88 µl water 
 
 
700 bp 
1. 2 minutes at 
95°C  
2. (30 seconds at 
95°C, 30 seconds 
at 61°C, 30 
seconds at 72°C) 
x 29 
3. 5 minutes at 
72°C 
4. Hold at 4°C. 
 
 
Nlgn3 wild-
type allele 
Sense: 
TCCGTGGG
CACATACA
CATTCAGA  
 
Antisense: 
GGGCTGGA
TGTTGCAA
TTGGAGTT  
2.0 µl New England 
Biolabs buffer 
0.5 µl  10 mM dNTP 
0.4 µl DMSO 
1.0 µl each primer (10 
mM) 
0.36 µl New England 
Biolabs taq 
polymerase 
1 µl DNA 
12.24 µl water 
 
 
1000 bp 
1. 5 minutes at 
95°C  
2. (30 seconds at 
95°C, 30 seconds 
at 57°C, 1 
minute at 68°C) 
x35 
3. 5 minutes at 
72°C 
4. Hold at 4°C. 
 
 
 
Cre 
 
Sense: 
GGTTATGC
GGCGGATC
CGAAAAGA
AA  
 
Antisense: 
ACCCGGCA
AAACAGGT
AGTTATTC
GGATCA. 
2.5 µl New England 
Biolabs buffer 
0.5 µl 10 mM dNTP 
0.2 µl each primer (10 
mM) 
0.12 µl New England 
Biolabs taq 
polymerase 
1 µl DNA 
20.48 µl water 
 
 
381 bp 
1. 3 minutes at 
94°C  
2. (10 seconds at 
94°C, 30 seconds 
at 60°C, 30 
seconds at 68°C) 
x 40 
3. 10 minutes at 
72°C 
4. Hold at 4°C. 
 
Table 2.1. A summary of the primers, reagents, and polymerase chain reaction sequence 
used for genotyping. Abbreviations: base-pair (bp), deoxyribonucleotide triphosphate 
(dNTP), dimethyl sulfoxide (DMSO). 
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2.4. Breeding Schemes and housing conditions 
The work presented in this thesis differentiates between housing conditions containing 
different genotypes. In all breeding schemes, the mice were in mixed sex conditions, until 
weaning, when they were split into separate sex housing conditions. All breeding schemes 
are summarised in table 2.2.  
2.4.1. Single genotype housed (SGH) mice 
Both wild-type and knockout mice are kept in single genotype housed conditions (SGH) for 
these experiments. For the wild-type only mice, this means that the groups consist entirely 
of only Nlgn3y/+ or Nlgn3+/+ mice. For the knockout only mice, these groups consist entirely 
of only Nlgn3y/- or Nlgn3-/- mice. In order to generate litters of Nlgn3y/+ and Nlgn3+/+ mice only, 
Nlgn3+/+ females were crossed with Nlgn3y/+ males. In order to generate litters of Nlgn3y/- and 
Nlgn3-/- mice only, Nlgn3-/- females were crossed with Nlgn3y/- males. See table 2.2 for a 
summary of the crossings and the genotypes of the litters  
2.4.2. Mixed genotype housed (MGH) mice 
Mixed genotype housed mice can be generated in two ways. In order to generate litters of 
Nlgn3y/-, Nlgn3y/+, Nlgn3+/-, and Nlgn3+/+ mice, Nlgn3+/- females were crossed with Nlgn3y/+ 
males. In this case, the Nlgn3+/- mice are referred to as Nlgn3+/- (H-WT) mice (heterozygous 
with wild-type), as they are housed with Nlgn3+/+ littermates. This is the breeding scheme 
used in the assessment of the behaviours of male mice from MGH. See table 2.2. 
Importantly, as Nlgn3 is an X-linked gene, it is not possible to generate litters of both Nlgn3+/+ 
females and Nlgn3-/- females. A separated breeding strategy was needed to generate                                      
Nlgn3-/- mice that are housed with Nlgn3+/- mice. Nlgn3+/- females were crossed with Nlgn3y/- 
males, to give litters of Nlgn3y/-, Nlgn3y/+, Nlgn3+/- and Nlgn3-/- females. In this case, the 
Nlgn3+/- mice are referred to as Nlgn3+/- (H-KO) mice (heterozygous with knockouts) as they 
are housed with Nlgn3-/- littermates. See table 2.2. 
2.4.3. Re-expression of Nlgn3 under the parvalbumin promotor 
This work also focuses on using selective re-expression of Nlgn3 within Pvalb-expressing cells. 
To explore the effect of this on Nlgn3y/-Pvalbcre/+ and Nlgn3-/-Pvalbcre/+ mice, two different 
breeding schemes were used. Nlgn3+/- mice were crossed with Nlgn3y/+Pvalbcre/cre mice to 
produce litters of Nlgn3y/+Pvalbcre/+, Nlgn3y/-Pvalbcre/+ Nlgn3+/-Pvalbcre/+ and Nlgn3+/+Pvalbcre/+ 
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mice. As these mice are in mixed genotype housed conditions, they are referred to as PV-
MGH. See table 2.2. 
Nlgn3y/-Pvalbcre/+ mice could not be used to generate litters, as parvalbumin is expressed in 
sperm, leading to unwanted germline re-expression. Therefore, for the generation of                 
Nlgn3-/-Pvalbcre/+ mice, Nlgn3+/-Pvalbcre/+ mice were crossed with Nlgn3y/- mice. This led to 
litters of Nlgn3+/-Pvalbcre/+, Nlgn3-/-Pvalbcre/+, Nlgn3y/+Pvalbcre/+, Nlgn3y/-Pvalbcre/+, Nlgn3y/-, 
Nlgn3y/+, Nlgn3+/- and Nlgn3-/- mice, however, due to experimental considerations litters 
containing Nlgn3-/- mice were not analysed. As these mice are in mixed genotype housed 
conditions, they are referred to as PV-MGH. See table 2.2. 
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Breeding Schemes 
Parents genotype Genotype of litter Acronyms used 
Nlgn3+/- and Nlgn3y/+ Nlgn3y/+, Nlgn3y/- Nlgn3+/+, Nlgn3+/- 
 
MGH 
 
Nlgn3+/-(H-WT) 
Nlgn3+/- and Nlgn3y/- Nlgn3y/+, Nlgn3y/-, Nlgn3-/-, Nlgn3 +/-  MGH 
 
Nlgn3+/-(H-KO) 
Nlgn3y/+ and Nlgn3+/+ 
 
Nlgn3y/+, Nlgn3+/+ SGH 
Nlgn3y/- and Nlgn3-/- 
 
Nlgn3y/-, Nlgn3-/- SGH 
Nlgn3+/- 
and Nlgn3y/+Pvalbcre/cre 
Nlgn3y/+Pvalb cre/+, Nlgn3+/-Pvalb 
cre/+, 
Nlgn3y/-Pvalb cre/+, 
Nlgn3+/+Pvalb cre/+, 
PV-MGH 
Nlgn3+/-Pvalbcre/+ and 
Nlgn3y/- 
Nlgn3-/-Pvalbcre/+, Nlgn3+/-, Nlgn3+/-
Pvalbcre/+, Nlgn3y/+, 
Nlgn3y/+Pvalbcre/+, Nlgn3y/-, Nlgn3y/-
Pvalbcre/+ 
(litters containing Nlgn3-/- mice 
were not analysed) 
PV-MGH 
 
 
 
  
Table 2.2. A summary of the breeding schemes used. Abbreviations used: mixed genotype 
housing (MGH), single genotype housing (SGH), mixed genotype housing of mice expressing 
Pvalbcre/+ (PV-MGH). 
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2.5. Behavioural Assays  
2.5.1. Open field activity 
Spontaneous activity of the mice was tested in an open field arena, with a floor space of                      
40 cm x 20 cm and a height of 48 cm, for 20 minutes in the dark. The mice were able to freely 
move and explore the environment during the trial. The arena was illuminated from the 
bottom by an infrared light source, for detection of the mice. The behaviour was recorded by 
a computer linked video camera located above the arena. Tracking software (EthoVision XT, 
Noldus) was used to define the outside of the area (the area contained within 5 cm away 
from arena walls) and the centre of the arena (area that is 5 cm or more from the walls), see 
figure 2.2.A. The software was used to track the total distance travelled (cm) in the arena. 
Thigmotaxis behaviour of the mice was defined by either time spent in the centre of the open 
field arena (seconds) or as the ratio of distance travelled in the centre of the arena/ total 
distance travelled in the arena. 
 
2.5.2. Elevated plus maze 
The elevated plus maze is used to assess anxiety, as more anxious mice spend decreased time 
in the open arms (Lister 1987, Walf and Frye 2007). The elevated plus maze has two open 
arms and two closed arms. Each arm of the elevated plus maze measures 40 cm by 7 cm. The 
sides of the open arms are 1 cm high and made of clear plastic, while the sides of the closed 
arms are 16 cm and made of black plastic.  The centre of the elevated plus maze is 6 cm by 6 
cm. The total duration of the trial was recorded by a camera above the arena. A tracking 
software (EthoVision XT, Noldus) was used to define the different arms of the arena (open or 
closed). Open arm quantification did not include the centre, see figure 2.2.B. One mouse was 
placed on the elevated plus maze per trial. The trials last for 5 minutes each and were 
conducted in a well-lit room. The activity of the mouse was tracked by the automated 
tracking system, and the data was automatically quantified. The software quantified the 
duration of time that the mice spent in each arm. The summation of time that the mice spent 
in the two open arms was taken as the final measure of activity in the open arm. 
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Figure 2.2. The open field arena and the elevated plus maze.  A, the open field arena. Prior 
to the behavioural recording of the mice, the parameters if the open field arena are defined 
on the software. The total size of the open field arena in 40 cm x 20 cm, and the ‘outside’ 
is defined at 5 cm from the wall. The boxes have an infrared light source illuminating the 
boxes, and the software tracks the movement of the mice within the open field, recording 
total distance travelled, and time in the centre and outside. The images on the left show 
the activity boxes, while the images on the right show the boxes with the infrared light 
source, as seen by the camera and detection software. B, the elevated plus maze. The open 
and closed arms and the centre of the elevated plus maze are predefined on the software. 
The arms are 40 cm in length. The behaviour is conducted over 5 minutes in the light and 
the movement of the mouse is tracked by the software. The time spent in the open arms 
is quantified.   
 
40.0 cm 
Open arm 
Closed arm 
Open arm 
40.0 cm 
Closed arm 
7.0 cm 
7.0 cm 
 20.0cm 
 48.0cm 
 5.0cm 
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2.5.3. Social interaction  
Interaction with female mice was tested by exposing the subject mouse to an unfamiliar adult 
female known to be in oestrous (section 2.5.5). These interactions were tested in the same 
boxes as those used in the open field arena (section 2.5.1, figure 2.2.A). Prior to the social 
interaction, the subject mouse was habituated to the open field arena for 3 minutes. 
Following this, the female was added to the arena. The mice were allowed to freely interact 
with each other for 3 minutes and then the trial was ended. An experimenter blind to the 
genotype scored the interaction of the mice. When mice were within 2 cm of each other, this 
was scored as social interaction.  
2.5.4. Ultrasonic vocalisation (USV) 
During courtship, adult male mice emit courtship ultrasonic vocalisations (USV) towards 
females. These can be recorded and quantified (Holy and Guo 2005). It has been shown that 
the USV is from the male towards the female, and not the other way around (Whitney et al 
1973). Male mice were habituated to the open field arena (section 2.5.1, figure 2.2.A) for 3 
minutes. A female mouse in oestrous (section 2.5.5) was added to the open field arena and 
the mice were allowed to freely interact with each other for 3 minutes. In order to determine 
levels of USV, a microphone (UltraSoundGate 416H preamplifier connected UltraSoundGate 
CM16 microphone, Aviosoft Bioacoustics) was added to the top of the wall of the arena, its 
elevated position (~48 cm) prevented the mice from being distracted by it. Levels of USV 
emitted were quantified (SASLabPro software, Aviosoft Bioacoustics). Two different 
parameters of USV were assessed; the number of calls, and the total duration spent calling 
over the 3 minutes. For the total duration calling over the 3 minutes, the duration of time of 
all sounds within the frequency range of 30 to 200 hertz (Hz) were quantified. When 
characterising the number of individual calls over the 3 minutes, a call was defined as an 
event in the frequency range of 30 to 200 Hz that lasted longer than 5 ms (milliseconds) and 
that occurred at least 500 ms after the previous call (Holy and Guo 2005).  In addition, video 
footage of the trials were recorded by an overhead camera. As before for the social 
interaction, an experimenter blind to the genotype scored the interaction of the mice, using 
the same parameter of the mice being within 2 cm of each other being classified as social 
interaction.  
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2.5.5. Confirmation of oestrous 
The female was confirmed to be in oestrous by taking vaginal smears using saline. The smears 
were fixed and then stained using blue modified Giemsa solution (fixative, blue/azure dye 
and xanthene dye, Polysciences Inc.). The stains were examined under the microscope, and 
the morphology of the cells was used to indicate what stage of the oestrous cycle the mice 
were in (Caligioni et al 2009). 
2.5.6. The tube test 
Social dominance was assessed using the tube test apparatus (Lindzey et al 1961, Wang et al 
2011). The tube test is a clear acrylic tube (length: 30 cm, internal diameter 3.5 cm) with 
automated doors at either entrance and in the centre (figure 2.3.A). Before assessment of 
hierarchy, all mice were trained to the same standard, whereby they would wait at the 
automatic doors until they open, before moving through the tube in one direction. This 
training took place over four days. Initial training involved the mouse walking through the 
tube whilst being blocked from moving backwards. During this initial training period, all doors 
were kept open. Once the mouse had learnt to walk through the tube without stopping or 
retreating, the doors were then used. The mouse had to be habituated to the doors in such 
a way that it would not flinch or retreat when the door opened in front of them. Additionally, 
when the mouse encountered the middle door, it was trained to wait by the door until it 
opened, and once it opened the mouse should then continue moving forwards through the 
tube test.  
The mice were not tested on the day after cleaning the cage, to avoid disruption of the 
hierarchy or dominance caused by the removal of olfactory information. During the trial, the 
mice were placed at opposite ends of the tube and released to enter the tube. Once the mice 
meet in the centre of the tube, the middle door opens, and the mice are challenged to push 
their opponent out of the tube. The mouse that gets pushed out of the tube is declared the 
submissive mouse of that trial. Two versions of the tube test were used in these experiments.  
2.5.6.1. Determining within cage hierarchy 
By using pairings of mice from the same group and testing them in a round robin fashion the 
dominance of each individual from the pair and the hierarchy of the cage can be determined. 
Therefore, when assessing the dominance and hierarchy of each cage, the mice were tested 
in pairs in a round robin design, ensuring all pairings of mice had been tested.  The sides of 
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entry for the mice were alternated to avoid bias. The first mouse of the pairing to push the 
other mouse out twice was the victor of the pairing. This provided a measure of the hierarchy 
of the mice within the cage. This was repeated over three days, and the measures of 
hierarchy and dominance on the last day were taken (figure 2.3.B). 
2.5.6.2. Determining relative dominance  
 In the second version of the tube test, the tube test was used to assess the dominance 
behaviour of the subject mouse against an unfamiliar male mouse. Prior to testing, all the 
unfamiliar wild-type male mice used in these experiments were determined to have a 43% 
win rate against other unfamiliar wild-type male mice. 
The subject mice were matched with three different unfamiliar wild-type males. The sides in 
which the mice were placed were alternated to avoid bias. All three trials were not conducted 
directly after each other, to avoid an influence of the outcome of the previous trial on the 
trial that came after it. The percentage of victories for the individual mice was calculated. 
This allowed the assessment of the relative dominance of different groups of mice that are 
not housed together (figure 2.3.C). 
2.5.7. Pup retrieval  
In order to assess the maternal behaviours of the mice, pup retrieval behaviour was 
completed at p7. During this behaviour, the pups and their nest were carefully removed from 
the home cage (Floor space: 16 cm x 48 cm, with a height of 14 cm) for 3 minutes and placed 
into a clean home in their nest and with their littermates. After three minutes of separation, 
the nest is replaced in its usual location in the home cage, and the pups are placed in the 
opposite side of the cage. The retrieval behaviour of the dam is recorded by an overhead 
camera. The time for the dam to sniff the pups and then to retrieve 3 pups were measured.  
 
 
 
 
                         
  
Chapter two 
43 
 
  
Figure 2.3. Testing for dominance using the tube test. A, a photograph of the tube test 
apparatus. B, a schematic of the within cage tube test. All mice that are housed together 
are tested against each other to determine the dominance of the individuals within the 
cage and to determine the hierarchy. C, a schematic of the process of testing mice against 
unfamiliar male mice. Each mouse is trialled against three different unfamiliar mice of 
known social ranking. The percentage of victories is calculated per mouse.  
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2.6. Biochemistry and molecular biology 
2.6.1. Testosterone quantification 
Urine was collected immediately after bladder voiding using an Eppendorf tube, frozen 
instantly on dry ice, and then stored at -20°C until use. Urinary testosterone levels were 
measured using an enzyme-linked immunosorbent assay (ELISA) according to manufacturer 
instructions (Arbor Assays). In order to validate the sensitivity of the ELISA, the urine of adult 
Nlgn3y/+ mice was compared to that of adult Nlgn3+/+ mice, as males are known to have higher 
levels of urinary testosterone. Adult Nlgn3y/+ mice were found to have higher levels of urinary 
testosterone compared to adult Nlgn3+/+ mice, validating the sensitivity of the ELISA (figure 
2.4, independent samples t-test, P = 0.007, df=11, Nlgn3y/+ mice n = 6, Nlgn3+/+ mice n = 7). 
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Figure 2.4. Validation of the ELISA for determination of urinary testosterone levels. 
Urinary testosterone levels of Nlgn3y/+ and Nlgn3+/+ mice. Both Nlgn3y/+ and Nlgn3+/+ mice 
are taken from single genotype housed conditions. The average urinary testosterone 
levels (pg/µl) and standard error of the mean (SE) for Nlgn3y/+ mice, 37959.4(SE:5780), 
and Nlgn3+/+ mice, 17182.2(SE:3159.9). An independent samples t-test revealed a 
significant difference between the sexes (P = 0.007). 
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2.6.2. Brain dissection 
Mice were sacrificed using cervical dislocation. The brain was extracted and placed in an ice-
cold brain mould (Electron Microscopy). The brain was then dissected into the appropriate 
regions of interest using blades (Electron Microscopy) and using the Mouse Brain Atlas in 
Stereotaxic coordinates (Paxinos and Franklin 2001) as a guide. See figure 2.5 for an image 
of a brain in the brain mould and a schematic of the dissection of the brain into the different 
regions. In order to dissect the brain slices, the brain slices were placed onto an ice-cold metal 
block, with cold phosphate buffered saline (PBS; Thermo Fisher Scientific). For protein 
extraction for western blot, and for ribonucleic acid (RNA) extraction, the different brain 
regions were stored in Eppendorf tubes, snap-frozen in liquid nitrogen, and stored at -80°C 
until further use (section 2.6.3 and section 2.6.8 respectively). For synaptosome preperation, 
the tissue was immediately used in downstream processing (section 2.6.4).  
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Figure 2.5. Dissection of the brain. The brain in the brain-mould, and a schematic of the 
dissection of the brain into regions of interest. These images are adapted from The Mouse 
Brain Atlas in Stereotaxic coordinates by Paxinos and Franklin, second edition, Elsevier 
Academic Press.   
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2.6.3. Protein extraction  
 The entire protocol was conducted on ice, except for the steps in the fridge and the 
centrifuge, for which a temperature of 4°C was used. Lysis buffer (50 mM Tris-HCl, 1 mM 
ethylenediamine tetra-acetic acid, 0.1% sodium dodecyl sulfate, 50 mM NaCl, 1% triton, 10 
mM NaF, 1 mM NaVO4, 1 mM dithiothreitol, 10 µl per 1ml of complete protease inhibitor 
(Merck)) was added in a 10:1 volume to tissue ratio. The samples were homogenised with 
the lysis buffer. The samples were placed on a 4°C fridge rotator for 30 minutes. The samples 
were then centrifuged at 14,000 x g for 30 minutes. The supernatant containing the protein 
was removed, and frozen at -80°C, until needed for protein level determination and sample 
dilution as described in section 2.6.5. 
2.6.4. Synaptosome extraction 
The tissue used in this protocol was processed immediately following culling and dissection 
to avoid any potential corruption of the tissue due to the freeze-thaw process. SynPer 
(Thermo Fisher Scientific) with proteinase and phosphatase inhibitors added (10 mM NaF, 1 
mM NaVO4, 10 µl per 1 ml of complete protease inhibitor (Merck)) was used to extract the 
synaptic proteins. The entire protocol was conducted on ice, except the centrifuge steps, that 
were conducted at 4°C. The tissue was homogenised in SynPer using a dounce tissue grinder. 
The sample was centrifuged at 1,200 x g for 10 minutes to give a pellet and the homogenate. 
A sample of the homogenate was saved, and then the sample was centrifuged at 15,000 x g 
for 20 minutes, to give the cytosol and the synaptosome. The synaptosome was resuspended 
in SynPer. If the sample was to be used for western blotting, the level of protein and 
appropriate dilution was carried out as described in section 2.6.5. If the sample was to be 
used for co-immunoprecipitation, then the sample was immediately used in this protocol 
(section 2.6.6). 
2.6.5. Bicinchoninic acid protein assay (BCA) 
Protein levels were determined using a Pierce™ bicinchoninic acid protein assay (BCA, Sigma) 
as per manufacturer instructions, using a standard curve of bovine serum albumin (BSA) 
ranging from 0.0  mg/ml to 2.0 mg/ml, diluted from the 20 mg/ml BSA provided from the kit. 
Following determination of protein levels, the samples were diluted to 2.5 mg/µl in lithium 
dodecyl sulfate buffer (LDS, 106 mM Tris-HCL, 141 mM Tris-base, 2% lithium dodecyl sulfate, 
10% glycerol, 0.51 mM EDTA, 0.22 mM G250 Coommassie Blue, 0.175 mM Phenol Red, 10 
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mM Dithiothreitol; pH 8.5). These were stored at -20°C until use western blot analysis 
(section 2.6.7).  
2.6.6. Co-immunoprecipitation 
Immediately following synaptosome extraction, the samples were used for co-
immunoprecipitation. Samples were kept on ice for the procedure, except for the 
centrifugation and rotation stage, which was done at 4°C. A sample of synaptosome was 
taken and added to LDS buffer, to be used as the input. The rest of the sample was then 
processed for use in the immunoprecipitation. Here the sample used for the 
immunoprecipitation was precleared with protein A sepharose beads (Abcam) and cold PBS 
(Thermo Fisher Scientific) and centrifuged for 2,000 x g for 2 minutes. After centrifugation, 
the sample was added to washed protein A sepharose beads (Abcam) and 2 µl of anti- 
Neuroligin-3 antibody (Synaptic Systems) was added. This was incubated for an hour at 4°C. 
The sample was then washed 3 times, and then the beads were eluted with 50 µl of LDS 
buffer. The sample was then incubated at 70°C for 10 minutes. The sample was then 
centrifuged to remove the beads. The supernatant, containing the proteins and LDS buffer, 
was used as the immunoprecipitate (IP). The sample is then stored at -20°C until used for 
western blot (section 2.6.7). 
2.6.7. Western blot 
Prior to loading the sample on the membrane, samples were heated for 5 minutes at 70°C, 
vortexed and then centrifuged. 10 µl per sample was loaded onto a Bis-Tris polyacrylamide 
gels (NuPAGE, Novex), in electrophoresis chambers of MES running buffer (appendix 1.2). 
This was run at 120 mv for 1 hour 45 minutes. Wet transfer in NuPage transfer buffer 
(appendix 1.2) was used to transfer the protein from the Bis-Tris gel to the nitrocellulose 
membrane (GE Healthcare).  Following the transfer, the membranes were washed with TBS-
T (appendix 1.2) for 3 x 5 minutes before being blocked in 5% milk in TBS-T for 1 hour. Primary 
antibodies were diluted in 5% milk in TBS-T and incubated on the membrane overnight (table 
2.3.A). The next morning, the membranes were washed 3x times with TBS-T, and then the 
secondary antibody diluted in 5% milk in TBS-T was incubated on the membrane for an hour 
(table 2.3.B). The blots were washed 3x time with TBS-T. If a horseradish peroxidase (HRP) 
antibody was used, then the enhanced chemiluminescence (ECL) reagent (Advansta) was 
prepared and distributed on the blot immediately prior to imaging. The blots were imaged 
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using imaging hardware (Bio-Rad) and image lab 5.0 software. The band sizes were quantified 
using the image lab software.  
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A 
Primary 
antibodies 
Company          Epitope Species Concentration 
Anti-Neuroligin-3 Abcam Monoclonal 
Clone; EPR16158 
Rabbit 1 in 2000 
Anti-beta actin Abcam Polyclonal Chicken 1 in 5000 
Anti-beta III 
tubulin 
Abcam Monoclonal 
(Clone TUJ-1) 
Mouse 1 in 5000 
Anti-MeCP2 Sigma Monoclonal: 
Clone; Men-8 
Mouse 1 in 2000 
Anit-HDAC2 Invitrogen Polyclonal Rabbit 1 in 2000 
Anti-PSD95 Abcam Polyclonal 
 
Rabbit 1 in 2000 
Anti-FMRP 
 
Cell-signalling 
technologies 
Polyclonal Rabbit 1 in 2000 
Anti-Neuroligin-2 Synaptic 
Systems 
Monoclonal 
Clone; 5E6 
Mouse 1 in 2000 
Anti-PIR121-
1/Sra-1 (CYFIP1) 
Antibody 
Merkmillipore Polyclonal Rabbit 1 in 2000 
Anti-Wave1 Merkmillipore Monoclonal 
Clone; k91/36 
Mouse 1 in 2000 
Anti-Nckap1 Novus 
Biologicals 
Polyclonal Rabbit 1 in 2000 
 
B 
Secondary antibodies Company        Concentration 
Anti-rabbit IgG HRP Promega 1 in 10000 
Anti-mouse IgG HRP Promega 1 in 10000 
Anti-chicken IgG HRP Abcam 1 in 10000 
 
 
 
 
Tables 2.3. Use of antibodies for western blot analysis. A, primary antibodies used for 
western blotting. B, secondary antibodies used for western blotting.  
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2.6.8. RNA extraction 
All RNA processing was done in RNAase free conditions, established using RNAaseZap 
decontamination solution (Sigma) to clean a designated RNAase-free fume hood for RNA 
work. The dissected brain regions were weighed, and 1 ml of TRIzol Reagent (Invitrogen) per 
50-100 mg of tissue was added. The tissue was homogenised and incubated for 5 minutes. 
The samples were then transferred to phasemaker tubes (Invitrogen). 0.2 ml of chloroform 
(Sigma) per 1 ml of TRIzol reagent used in the initial step was added, and the sample was 
vigorously shaken for 15 seconds. The samples were then incubated for 15 minutes at room 
temperature before centrifuging for 5 minutes at 14,000 x g at 4°C. The upper phase, 
containing the RNA, was transferred into new tubes, and 0.5 ml of isopropanol per 1 ml of 
TRIzol used was added. The samples were incubated for 1 hour at -80°C. The samples were 
then centrifuged for 10 minutes at 10,000 x g, the supernatant was removed, and the pellet 
containing the RNA was washed using 75% EtoH, and centrifuged again at 7,500 x g and the 
supernatant was discarded. The RNA pellet was air dried for 5-10 minutes prior to dissolving 
in 20µl RNAase free water. The RNA was incubated for 15 minutes at 55°C. The samples were 
treated with DNAse (Ambion), as per manufacturer instructions. By assessing the 260/280 
ratio and 230/260 ratio using a nanodrop spectrophotometer (Eppendorf), the RNA checked 
to be of good quality with little contamination. Using the nanodrop spectrophotometer, the 
RNA was quantified. The RNA was then frozen prior to reverse transcription (section 2.6.9), 
or library preparation for RNA sequencing (section 2.6.11). 
2.6.9. Reverse transcription 
Reverse transcription was used to convert RNA to complementary DNA (cDNA). 1250 ng of 
RNA in 11 µl of dH20 was incubated with 1 µl random primers (Promega) and 1 µl dNTPs (10 
mM, Promega) for 5 minutes at 65°C, and then for 1 minute on ice. 4 µl of 5x buffer 
(Invitrogen), 1 µl Dithiothreitol (0.1 M, Invitrogen), 1 µl RNAsin plus (Promega), and 1µl of 
superscript III reverse transcriptase (Invitrogen) was added. This was incubated for 5 minutes 
at room temperature, and then for 2 hours at 50°C. The reaction was then inactivated by 
incubation at 70°C for 10 minutes, and stored at -80°C, until needed for quantitative real-
time PCR (qPCR) (section 2.6.10). 
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2.6.10. Quantitative real-time PCR (qPCR) 
Prior to the qPCR experiments, the primers used were tested to ensure an efficiency of 90-
110%, and the melting curves were assessed to ensure one single product was being 
produced. Per reaction, 12.5 µl of SYBR Green master mix (Applied Biosystems), 0.625 µl of 
each primer (Sigma Aldrich), an appropriate volume of cDNA of the range of 60 ng - 180 ng, 
depending on the primers and brain region, and dH20 was used to complete the volume at 
25 µl. For complement component 3 (C3), the primers used were, forward: 5’-3’, 
AGCAGGTCATCAAGTCAGGC, reverse: 5’-3’, GATGTAGCTGGTTGTTGGGCT. For complement 
component 4 (C4), the primers used were, forwards: 5’-3’, GACAAGGCACCTTCAGAACC, 
reverse: 5’-3’, CAGCAGCTTAGTCAGGGTTACA. A control, 18S ribosomal RNA (18S) was used, 
the primers for 18S were, forward: 5’3, GTCTGTGATGCCCTTAGATG, reverse, 5’-3’, 
AGCTTATGACCCGCACTTAC. The samples were loaded in duplicates into a 96 well plate. qPCR 
was conducted using a Real-Time PCR system (Thermo Fisher Scientific). The cycle was as 
follows: step one: 95°C for 10 minutes, step 2: 95°C for 15 minutes and 60°C for 1 minute. 
Step two was repeated 40 times. Step three, the melt curve analysis: 95°C, 15 minutes, 60°C, 
1 minute, 95°C, 15 minutes. The delta threshold cycle (CT) of the genes were calculated as 
the average CT of the gene of interest (C3 or C4) – the average CT of the housekeeping gene 
(18S). 
2.6.11. RNA sequencing 
The cDNA library used for RNA sequencing (RNAseq) was prepared by Angela Marchbank of 
the Genome Hub, at Cardiff University. 500 ng of RNA per sample was used. Prior to their 
use, the RNA samples were confirmed to be of high quality, with minimal degradation, and 
low contamination by assessment using a Tape Station and Qubit. The libraries were 
prepared in accordance to manufacturer instructions (Illumina TruSeq). In brief, the RNA 
samples were purified with magnetic beads to remove ribosomal RNA and non-messenger 
RNAs. Following washing and then elution from the beads, the mRNA was then transferred 
for first strand cDNA synthesis, using superscript II.  The second strand was synthesised, and 
the mRNA template was destroyed. Adapters are ligated on the cDNAs, for binding to the 
sequencing flowcell. The cDNA then goes through a short amplification step to enrich the 
libraries, and then a small amount of each sample is tested on a DNA chip, for quality control 
and for assessment of library size, prior to normalising the library sizes. The RNA sequencing 
was also done by Angela Marchbank, using the illumina NextSeq500 system in a (1x75) bp 
Chapter two 
54 
 
cartridge, as per manufacturer instructions. In brief, a strand of cDNA is bound to a docking 
site of the flowcell. Fluorescently tagged dNTPs are added one at a time, emitting 
fluorescence. This is read, allowing all the cDNAs to be sequenced. The analysis was done by 
Robert Andrew, of the Data Hub, Cardiff University. The sequences were trimmed with 
Trimmomatic (Bolger, Lohse and Usadel 2014) and assessed for quality using FastQC. The 
reads were mapped to the mouse GRCm38 reference genome using STAR and assigned 
transcripts using FeatureCounts, both downloaded from Enssmbl FTP site (Dobin et al 2013, 
Liao, Smyth and Shi 2013). Differential gene expression analysis used to the DESeq2 package 
(Love, Huber, and Anders 2014). Normalised gene expression values (DESeq2) were used for 
principal component analysis in R using prcomp. The relative expression of the genes was 
also assessed, in an analysis that is weighted to include all social dominance environment 
and genotype conditions, per brain region, this was followed by a Benjamini-Hochberg 
correction. This yields the P-value and the log2 (fold change) for each individual gene per 
comparison.  
2.7. Statistics 
All data was analysed using SPSS software, version 23 (IBM). For the comparative analysis of 
Nlgn3y/- mice from MGH and their Nlgn3y/+ littermates, with Nlgn3y/+ mice from SGH, Nlgn3y/- 
mice from SGH, and Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates, two-way 
ANOVAs were used. For the social dominance environment, three factors were used, mice 
being either MGH (indicating Nlgn3y/+ mice from MGH and their littermates, Nlgn3y/+ from 
MGH), SGH (indicating Nlgn3y/+ mice from SGH or Nlgn3y/- mice from SGH), or PV-MGH, 
(indicating Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates). For genotype, two 
factors where used, mice were either Nlgn3y/+ (for Nlgn3y/+ mice from SGH, Nlgn3y/+ mice 
from MGH and Nlgn3y/+Pvalbcre/+ mice), or Nlgn3y/- (for Nlgn3y/- mice from MGH, Nlgn3y/-
Pvalbcre/+ mice, and Nlgn3y/- mice from SGH). In all other cases, simple comparisons were 
used. 
The data was tested for normal distribution using a Shapiro-Wilk test, and by assessment of 
the Q-Q plot. If the result of the Shapiro-Wilk test was higher than 0.05, and the Q-Q test 
indicated normality, then the data was assumed to be normal. In the case of non-normal 
data, when applicable (independent samples t-test, one-way ANOVAs) a non-parametric test 
was used as an alternative (Mann-Whitney U test, Kruskal-Wallis test). As there is no non-
normal equivalent of a two-way ANOVAs the data was first analysis with a Kruskal-Wallis test, 
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then analysed with a two-way ANOVA, and finally, a two-way ANOVA with transformed data 
was used to confirm any significant effects. As there is no non-parametric equivalent of a 
repeated measures two-way ANOVA, the data was analysed using a two-way repeated 
measures ANOVA, and then any significant interactions are confirmed using a two-way 
repeated measures ANOVA on transformed data. In addition, the data was tested for 
homogeneity of variance using a Levene’s test; if the result of the Levene’s test was 0.05 or 
higher then the data was assumed to have equality of variances. If the data did not have 
equality of variance any significant effects were confirmed on transformed data. For all 
significant results, the statistical output is presented in the text. In the supplementary tables, 
the details of the Shapiro-Wilk test, Levene’s test, statistical outputs including any non-
significant results can be found. In addition, the power of the statistical tests presented in 
the results can also be found in the supplementary tables. In the figure legends, the average 
value and standard error of the mean (SE) can be found. In the main text, and the 
supplementary information, the number of mice can be found, in all cases ‘n’ equals the 
number of mice used. 
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Chapter 3: The effect of the social dominance environment and Nlgn3 
re-expression on the social behaviours of Nlgn3 knockout mice and 
their wild-type littermates 
 
3.1. Introduction 
Adult male mice form social hierarchies, consisting of dominant, subdominant and 
submissive mice. Among other behaviours, it has been shown that socially submissive mice 
have decreased courtship ultrasonic vocalisation (USV), and decreased numbers of victories 
in the tube test (Lindzey et al 1961, Wang et al 2011). Many rodent models of ASD have been 
shown to be socially submissive to their peers, as measured through the tube test (Spencer 
et al 2005, Saxena et al 2018), and by assessment of levels of courtship USV or assessment of 
agonistic and defensive behaviours (Cheh et al 2006, Jamain et al 2008, Wöhr et al 2011, 
Wang et al 2011, Yang et al 2015), indicating that this may be a phenotype commonly seen 
in models of ASD. Adult male mice missing Nlgn3 have been shown to have decreased 
courtship USV towards females in oestrous, possibly indicating social submission (Radyushkin 
et al 2009, Fischer and Hammerschmidt 2011). One of the hypotheses investigated in this 
chapter is to determine if Nlgn3y/- mice are socially submissive. Additionally, female Nlgn3+/- 
and Nlgn3-/- mice had not yet been phenotyped, with the exception of a single experiment 
on Nlgn3+/- mice, revealing that they have altered social olfactory preference (Dere et al 
2018). Another hypothesis investigated in this chapter is to assess if Nlgn3-/- and Nlgn3+/- mice 
have altered phenotypes relating to social behaviours. 
The position within the social hierarchy and the manifestation of the social environment has 
been shown to impact social behaviours of mice (Ely et al 1978, Branchi, D’Andrea, Fiore et 
al 2006, D’Andrea et al 2007, Naert et al 2011). Therefore, another aim addressed in this 
chapter is to assess if the presence of Nlgn3y/-, Nlgn3+/- and Nlgn3-/- mice influence the social 
behaviours of other members of the shared social environment.  
Finally, cells expressing Pvalb, which encodes the protein product parvalbumin, have been 
shown to have altered properties in many mouse models of ASD (Peñagarikano et al 2011, 
Martins et al 2011, Selby et al 2007, Gogolla et al 2009, Vogt et al 2015), and studies 
specifically targeting Pvalb-expressing cells demonstrate manipulations of social phenotypes 
(Ito-Ishida et al 2015, Wöhr et al 2015, Inan et al 2016, Selimbeyoglu et al 2017, Cao et al 
2018). Furthermore, Nlgn3 is expressed in Pvalb-expressing cells (Rothwell et al 2014, 
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Polepalli et al 2017). Given that Pvalb-expressing cells control social behaviours, they may be 
a good target to selectively restore expression of Nlgn3 in, firstly to see if this restores 
individual social behaviours, and secondly to see if this influences the social behaviours of 
the group. Therefore, the final hypothesis tested in this chapter is to assess if selective re-
expression of Nlgn3 within Pvalb-expressing cells restores the individual and group 
behaviours of the mice.  
 
3.2. Aims and objectives  
1. To identify if Nlgn3y/- mice have altered phenotypes relating to social hierarchy and if 
re-expression of Nlgn3 within Pvalb-expressing cells of Nlgn3y/-Pvalbcre/+ mice restores 
hierarchy related behaviours. 
2. To identify how the social behaviours of Nlgn3y/+ mice and Nlgn3y/- mice from mixed 
genotype housing (MGH) compare to the behaviours of Nlgn3y/+ mice and Nlgn3y/- 
mice from single genotype housing (SGH), and to Nlgn3y/-Pvalbcre/+ mice and their 
Nlgn3y/+Pvalbcre/+ littermates. 
3. To identify if Nlgn3+/- mice and Nlgn3-/- mice have altered social behaviours, and: 
• To determine if these are impacted by the social environment, 
• To determine if re-expression of Nlgn3 within Nlgn3-/-Pvalbcre/+ mice restores 
their social behaviours.  
4. To establish if the social behaviours of Nlgn3+/+ mice are impacted by MGH or SGH. 
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3.3. Results 
3.3.1. The influence of social dominance environment and re-expression of Nlgn3 on the 
social behaviours of adult male Nlgn3y/+ mice and Nlgn3y/- mice. 
This work aims to determine what influence the Nlgn3y/- mice could be having on their peers. 
As the social environment is influenced by dominance behaviours, and Nlgn3y/- mice may 
have aberrant dominance behaviour, as will be explored in this chapter, the social 
environment is referred to the social dominance environment. To determine if MGH 
influences Nlgn3y/+ mice and their Nlgn3y/- littermates, the phenotypes of Nlgn3y/+ mice and 
Nlgn3y/- mice from MGH were compared with those of Nlgn3y/+ mice and Nlgn3y/- mice from 
SGH. The work in the chapter also aims to assess if re-expression of Nlgn3 within Pvalb-
expressing cells of Nlgn3y/-Pvalbcre/+ mice restores the social behaviours in Nlgn3y/-Pvalbcre/+ 
mice, and subsequently leads to altered behaviours in their Nlgn3y/+Pvalbcre/+ littermates. To 
that end, Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates were characterised. As 
will be explored in section 3.3.1.1, and figure 3.1, the re-expression of Nlgn3 in the Nlgn3y/-
Pvalbcre/+ mice could impact the social dominance of the mice, and therefore could lead to an 
altered social dominance environment of the mice. Therefore, for all analysis, the MGH of 
Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates was classified as a social 
dominance environment of their own, referred to as PV-MGH. The housing conditions of the 
male mice used are summarised in table 3.1.  
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Genotype of litter  Acronym   
Nlgn3y/+, and Nlgn3y/- 
(and Nlgn3+/+, Nlgn3+/- until weaning) 
Nlgn3y/- mice from MGH 
Nlgn3y/+ mice from MGH 
Nlgn3y/+ 
(and Nlgn3+/+ until weaning) 
Nlgn3y/+ mice from SGH 
Nlgn3y/- 
(and Nlgn3-/- until weaning) 
Nlgn3y/- mice from SGH 
Nlgn3y/+Pvalbcre/+, Nlgn3y/-Pvalbcre/+. 
(and Nlgn3+/-Pvalbcre/+, and Nlgn3+/+Pvalbcre/+ until 
weaning) 
PV-MGH 
Table 3.1. The social dominance environment of the male mice. SGH stands for single 
genotype housing, MGH stands for mixed genotype housing, PV-MGH indicates mixed 
genotype housing of mice expressing Pvalbcre/+. 
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3.3.1.1. Within cage tube test dominance of Nlgn3y/- mice and their Nlgn3y/+ littermates. 
The tube test was used to determine if Nlgn3y/- mice are submissive to their Nlgn3y/+ 
littermates (Lindzey  et al 1961, Wang et al 2011). It was revealed that Nlgn3y/- mice lost 
significantly more trials of the tube test than their Nlgn3y/+ littermates (figure 3.1.A, Mann-
Whitney U test, P = 0.025, Nlgn3y/- mice from MGH n = 19, Nlgn3y/+ mice from MGH n = 19). 
This shows that Nlgn3y/- mice are socially submissive relative to their Nlgn3y/+ littermates 
demonstrating that Nlgn3 expression within the brain mediates dominance behaviours in 
mice. Therefore, it is possible that re-expression of Nlgn3 can restore this phenotype.  
3.3.1.2. Re-expression of Nlgn3 under the parvalbumin promotor. 
To determine if Neuroligin-3 is re-expressed in Nlgn3y/-Pvalbcre/+ mice, the levels of 
Neuroligin-3 were determined using western blot analysis of brain lysate taken from adult 
male mice. Brain tissue from Nlgn3y/+ mice, Nlgn3y/- mice, and Nlgn3y/-Pvalbcre/+ mice were 
used. Neuroligin-3 was detected within the cerebellum, cortex, brainstem, thalamus and 
striatum of Nlgn3y/-Pvalbcre/+ mice but not in their hippocampus. Of note is that there is an 
upper band that does not correspond to Neuroligin-3 (figure 3.1.B) Quantification of 
additional western blots of lysate from Nlgn3y/-Pvalbcre/+ mice and Nlgn3y/+Pvalbcre/+ mice 
revealed a high level of Neuroligin-3 expression in the cerebellum, a lower expression in the 
cortex, brainstem and striatum, and no expression in the hippocampus (figure 3.1.C). The 
corresponding western blots can be found in the appendix (figure A1.1). Given that it was 
found that there is robust re-expression of Neuroligin-3 in the Nlgn3y/-Pvalbcre/+ mice, it would 
appear that Nlgn3y/-Pvalbcre/+ mice are suitable for assessing if Nlgn3 re-expression in Pvalb-
expressing cells contributes to the phenotypes seen in the Nlgn3y/-Pvalbcre/+ mice.  
3.3.1.3. Within cage tube test dominance of Nlgn3y/-Pvalbcre/+ mice and their 
Nlgn3y/+Pvalbcre/+ littermates  
To assess if re-expression of Nlgn3 in Nlgn3y/-Pvalbcre/+ mice may be sufficient to restore the 
social dominance of the mice, Nlgn3y/-Pvalbcre/+ mice were tested against their 
Nlgn3y/+Pvalbcre/+ littermates, using the tube test. It was revealed that there is no significant 
difference between the two groups (figure 3.1.D, independent samples t-test, Nlgn3y/-
Pvalbcre/+ mice n = 9, Nlgn3y/+Pvalbcre/+ mice n = 8). This suggests that re-expression of Nlgn3 
in Pvalb-expressing cells of Nlgn3y/-Pvalbcre/+ mice is sufficient to restore a normal dominance 
relationship between Nlgn3y/+Pvalbcre/+ mice and Nlgn3y/-Pvalbcre/+ mice. 
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Figure 3.1. The within cage tube test of mice from MGH, re-expression of Neuroligin-3 
in Nlgn3y/-Pvalbcre/+ mice and the within cage tube test of Nlgn3y/-Pvalbcre/+ mice and 
Nlgn3y/+Pvalbcre/+ mice. A, the average percentage (%) of tube test wins and standard 
error of the mean (SE) of Nlgn3y/+ mice from MGH, 64.7(SE:9.27), Nlgn3y/- mice from MGH, 
32.6(SE:9.85). A Mann-Whitney U test revealed a significant difference between the 
groups, as shown on the figure.  B, protein levels of Neuroligin-3 detected via western 
blot in different brain regions of, left to right, Nlgn3y/+ mice, Nlgn3y/- mice, and two 
samples from Nlgn3y/-Pvalbcre/+ mice. C, quantification of levels of Neuroligin-3, relative to 
beta-actin and normalised to Nlgn3y/+ levels, cerebellum ~0.71, Striatum ~ 0.07, Brainstem 
~1.50, Cortex ~0.04, Thalamus ~0.75. No signal detected in the hippocampus. D, the 
average percentage (%) of wins and standard error of the mean (SE) of Nlgn3y/+Pvalbcre/+ 
mice, 47.2(SE:13.7), and Nlgn3y/-Pvalbcre/+ mice, 53.1(SE:15.3). An independent samples t-
test revealed no significant difference between the groups.  
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3.3.1.4. The influence of the social dominance environment and re-expression on the tube 
test behaviour of Nlgn3y/+ and Nlgn3y/- mice against unfamiliar male mice  
To determine the effect of the social dominance environment on dominance behaviour, 
Nlgn3y/+ mice and Nlgn3y/- mice from MGH, Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and 
Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-Pvalbcre/+ littermates were tested against unfamiliar 
submissive wild-type mice from an independent C57BL/6 colony. A submissive mouse was 
selected when it lost 57% of its tube test trials against unfamiliar wild-type male mice. It was 
observed that Nlgn3y/+ mice and Nlgn3y/- mice from MGH are more submissive against 
unfamiliar wild-type mice compared to Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and 
Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-Pvalbcre/+ littermates (figure 3.2.A, two-way ANOVA, 
social dominance environment: P = 0.003, F = 6.2, df = 2, Bonferroni post-hoc analysis, MGH 
and SGH: P = 0.015, MGH and Pvalb: P = 0.015,  Nlgn3y/+ mice from MGH n = 16, Nlgn3y/- mice 
from MGH n = 13, Nlgn3y/+ mice from SGH n = 15, Nlgn3y/- mice from SGH n = 12, 
Nlgn3y/+Pvalbcre/+ mice n = 9, and Nlgn3y/-Pvalbcre/+ mice n = 8). This suggests that the presence 
of Nlgn3y/- mice could impact the relative tube test dominance of their Nlgn3y/+ littermates. 
Furthermore, Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates show increased 
tube test victories compared to the mice in MGH, indicating that the normalisation of the 
within cage tube test dominance of the Nlgn3y/-Pvalbcre/+ mice leads to a restoration of the 
relative dominance behaviours of both Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ 
littermates. 
3.3.1.5. The influence of the social dominance environment and re-expression on urinary 
testosterone levels of adult Nlgn3y/+ and Nlgn3y/- mice 
Some evidence exists to suggest that levels of testosterone are a marker of dominance 
related behaviours in male mice (Juntti et al 2010). Therefore, the urinary testosterone levels 
were assessed, revealing that Nlgn3y/+ mice and Nlgn3y/- mice from MGH have lower 
testosterone than Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and Nlgn3y/+Pvalbcre/+ and 
Nlgn3y/-Pvalbcre/+ mice, consistent with the decreased tube test victories. Furthermore, it was 
observed that Nlgn3y/- mice have decreased testosterone compared to Nlgn3y/+ mice when 
in SGH, and that the social dominance environment influences the testosterone levels of 
Nlgn3y/+ mice to a larger degree than Nlgn3y/- mice (figure 3.2.B, two-way ANOVA, social 
dominance environment: P = 0.0004, F = 9.1, df=2, social dominance environment: P = 0.021, 
F = 5.6, df=1, Genotype x social dominance environment: P = 0.026, F = 3.9, df = 2. Bonferroni 
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post-hoc analysis, MGH and SGH: P = 0.00008, MGH and Pvalb: P = 0.044. Bonferroni adjusted 
pairwise analysis, Nlgn3y/+ mice from SGH and Nlgn3y/- mice from SGH: P = 0.00016, Nlgn3y/+ 
mice from SGH and Nlgn3y/+ mice from MGH: P = 9.36e-06, Nlgn3y/+ mice from MGH n = 10, 
Nlgn3y/- mice from MGH n = 8, Nlgn3y/+ mice from SGH n = 15, Nlgn3y/- mice from SGH n = 12, 
Nlgn3y/+Pvalbcre/+ mice n = 9, Nlgn3y/-Pvalbcre/+ mice n = 6). Therefore, it appears that the mixed 
genotype of Nlgn3y/- mice and Nlgn3y/+ mice leads to a reduction of testosterone levels, and 
single genotype housing and re-expression of Nlgn3 within Pvalb-expressing cells increases 
this. 
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Figure 3.2. The impact of social dominance environment and re-expression on the tube 
test victories against unfamiliar male mice and urinary testosterone levels of adult 
Nlgn3y/+ and Nlgn3y/- mice. A, the average percentage (%) of wins and the standard error of 
the mean (SE) for Nlgn3y/+ mice from MGH, 33.3(SE:9.6), Nlgn3y/- mice from MGH 
25.6(SE:9.3), Nlgn3y/+mice from SGH, 55.5(SE:8.0), Nlgn3y/- mice from SGH, 66.7(SE:8.2), 
Nlgn3y/+Pvalbcre/+  mice, 62.9(SE:11.7), and for Nlgn3y/-Pvalbcre/+ mice, 55.6(SE:14.6). A two-
way ANOVA revealed a significant effect of social dominance environment (P = 0.003). 
Results of the Bonferroni post-hoc test are shown on the figure. B, the average urinary 
testosterone levels (pg/µl) and standard error of the mean (SE) for Nlgn3y/+ mice from MGH, 
15737.7(SE:3686), Nlgn3y/- mice from MGH, 16735.86(SE:3779), Nlgn3y/+ mice from SGH, 
43970(SE:4115.4), Nlgn3y/- mice from SGH, 23164.9 (SE:2184.9), Nlgn3y/+Pvalbcre/+ mice , 
30172.5(SE:6981) and for Nlgn3y/-Pvalbcre/+  mice, 24478.6 (SE:4418). A two-way ANOVA 
revealed a significant effect of social dominance environment (P = 0.0004) and genotype (P 
= 0.021, and genotype and social dominance environment (P = 0.0026). The results of the 
Bonferroni post-hoc analysis and Bonferroni adjust pairwise comparison are shown on the 
figure. 
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3.3.1.6. The influence of social dominance environment on the courtship ultrasonic 
vocalisations (USV) of adult Nlgn3y/+ and Nlgn3y/- mice  
The levels of courtship USV were compared. Two different parameters of USV were assessed; 
the number of calls and the total duration spent calling over three minutes. It is important to 
assess both criteria as it is possible that the structure of the calls themselves could become 
corrupted, leading to incorrect numbers of calls being detected. Nlgn3y/- mice, regardless of 
social dominance environment conditions or re-expression of Nlgn3, have decreased 
numbers of calls compared to Nlgn3y/+ mice, while social dominance environment did not 
influence the USV of Nlgn3y/+ or Nlgn3y/- mice (figure 3.3.A, two-way ANOVA, Genotype: P = 
0.00002, F = 21.2, df= 1, Nlgn3y/+ mice from MGH n = 11, Nlgn3y/- mice from MGH n = 15, 
Nlgn3y/+ from SGH n = 15, Nlgn3y/- from SGH n = 12, Nlgn3y/+Pvalbcre/+ n = 11 and Nlgn3y/-
Pvalbcre/+ n = 10). For the total duration calling, a similar result was observed in which Nlgn3y/- 
mice regardless of social dominance environment and re-expression showed decreased total 
duration of USV compared to Nlgn3y/+ mice, and social dominance environment does not 
influence the calls of either Nlgn3y/- or Nlgn3y/+ mice (figure 3.3.B, two-way ANOVA, 
Genotype: P = 0.00008, F=21.2, df =1, Nlgn3y/+ mice from MGH n = 11, Nlgn3y/- mice from 
MGH n = 15, Nlgn3y/+ from SGH n = 15, Nlgn3y/- from SGH n = 12, Nlgn3y/+Pvalbcre/+ n = 11 and 
Nlgn3y/-Pvalbcre/+ n = 10). Together, these results are consistent with the previous 
observations of Nlgn3y/- mice having decreased courtship USVs (Radyushkin et al 2009, 
Fischer and Hammerschmidt 2011). Furthermore, while it has previously been reported that 
social dominance in the tube test influences levels of courtship USV, this is not reflected in 
this data. Finally, it appears that Nlgn3 expression in Pvalb-expressing cells does not mediate 
the USV courtship behaviour.  
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Figure 3.3. The impact of social dominance environment and re-expression on the 
courtship related behaviours of adult male Nlgn3y/+ and Nlgn3y/- mice. A, average total 
number of calls and standard error of the mean (SE) for Nlgn3y/+ mice from MGH, 
682.5(SE:84.8), Nlgn3y/- mice from MGH, 387.7(SE:116.3), Nlgn3y/+ mice from SGH, 
648.5(SE:75.5), Nlgn3y/- mice from SGH, 296.7(SE:101.1), Nlgn3y/+Pvalbcre/+ mice, 
711.2(SE:78.7), and Nlgn3y/-Pvalbcre/+ mice, 235.5(SE:141.9). A two-way ANOVA revealed 
a significant impact of genotype (P = 0.00002). B, average total duration calling (seconds) 
and standard error of the mean (SE) for Nlgn3y/+ mice from MGH, 23.7(SE:3.7), Nlgn3y/- 
mice from MGH, 10.8(SE:3.3), Nlgn3y/+ mice from SGH, 23.3(SE:4.0), Nlgn3y/- mice from 
SGH, 9.7(SE:3.6), Nlgn3y/+Pvalbcre/+ mice, 23.5(SE:3.3), and Nlgn3y/-Pvalbcre/+mice, 
8.4(SE:5.3). A two-way ANOVA revealed a significant impact of genotype (P = 0.00008).  
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The exploration of the USV does not differentiate between an inability to vocalise, and 
aberrant courtship behaviour. By exploring the interaction time with the female, it is possible 
to better determine if the courtship itself is altered. The interaction of the mice with the 
female in oestrous was scored, revealing that Nlgn3y/- mice show decreased time in 
interaction with the female, and neither social dominance environment nor re-expression of 
Nlgn3 influenced the interaction time of Nlgn3y/- mice or Nlgn3y/+ mice (figure 3.4.A, two-
way ANOVA, Genotype: P = 0.00000001, F = 42.3, df= 1, Nlgn3y/+ mice from MGH n = 15, 
Nlgn3y/- mice from MGH n = 11, Nlgn3y/+ from SGH n = 15, Nlgn3y/- from SGH n = 12, 
Nlgn3y/+Pvalbcre/+ n = 11, and Nlgn3y/-Pvalbcre/+ n = 10). These results indicate that Nlgn3y/- mice 
have decreased interest in the female mice, regardless of social dominance environment or 
re-expression, reflecting what is seen in the USV results. 
Finally, as it has previously been shown that the position within the social hierarchy as tested 
by the tube test correlates with the numbers of ultrasonic vocalisation (Wang et al 2011), a 
correlation of the two measures was assessed. Cages of three mice from MGH conditions and 
cages of three Nlgn3y/+ mice from SGH conditions were assessed. It was observed that in 
cages of Nlgn3y/+ mice from SGH conditions, the mice with the highest numbers of USV were 
typically the dominant within the tube test, while in the mice from MGH conditions, this trend 
is not observed (figure 3.4.B, Pearson's rank test, Nlgn3y/+ mice in SGH r2 = 0.84, MGH mice 
r2 = 0.43, number of cages Nlgn3y/+ mice SGH N = 7, number of cages MGH mice N = 6). This 
suggests that while in SGH the expected correlation of measures is observed, however in 
MGH this correlation is disrupted.  
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Figure 3.4. Interaction with female mice, and correlation of tube test and vocalisation. A, 
average total duration interaction (seconds) and standard error of the mean (SE) of Nlgn3y/+ 
mice from MGH, 117.3(SE:7.9), Nlgn3y/- mice from MGH, 87.7.3(SE:10.0), Nlgn3y/+ mice from 
SGH, 128.7(SE:3.6), Nlgn3y/- mice from SGH, 83.9(SE:9.2), Nlgn3y/+Pvalbcre/+ mice, 
140.9(SE:5.2), and Nlgn3y/-Pvalbcre/+ mice, 85.4(SE:11.1). A one-way ANOVA revealed a 
significant difference of genotype (P = 0.000000001). B, correlation of the average tube test 
and vocalisation and standard error of the mean (SE) of cages of three mice of either 
Nlgn3y/+ mice from SGH conditions, or MGH mice.  
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3.3.2. The impact of the social dominance environment and Nlgn3 re-expression on the 
social behaviours of adult female Nlgn3+/+ mice, Nlgn3-/- mice, and Nlgn3+/- mice. 
In this section, the behaviours of Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- mice were 
assessed. Primarily, this was to determine if there is a phenotype relating to social behaviours 
in Nlgn3+/- mice and Nlgn3-/- mice relative to their littermates. The second aim was to 
determine the impact of social dominance environment on the behaviours of the mice. Given 
that this work focuses on multiple social dominance environment conditions, and as Nlgn3 is 
X-linked, a targeted analytical approach was used to understand the impact of social 
dominance environment on each genotype. Initially, Nlgn3+/+ mice, their Nlgn3+/- (H-WT) 
littermates, Nlgn3-/- mice, and their Nlgn3+/- (H-KO) littermates were compared. Following 
this initial characterisation, the impact of the social environment on the behaviours of 
Nlgn3+/+ mice were assessed. Nlgn3+/+ mice from MGH were compared to Nlgn3+/+ mice from 
SGH. Importantly, the data from Nlgn3+/+ mice from MGH is replotted from the initial analysis. 
Next, to determine if the behaviours of Nlgn3-/- mice are influenced by the social 
environment, Nlgn3-/- mice from MGH, Nlgn3-/- mice from SGH, and Nlgn3-/-Pvalbcre/+ mice 
were analysed; this allowed the effect of re-expression of Nlgn3 in Pvalb-expressing cells of 
Nlgn3-/- mice to be explored. Importantly, the data from the Nlgn3-/- mice from MGH is 
replotted from the initial analysis. Table 3.2 summarises the social dominance environment 
conditions used.  
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Genotype of litter Acronym   
Nlgn3+/+, Nlgn3+/- 
(and Nlgn3y/+ and Nlgn3y/-until weaning) 
Nlgn3+/+ mice from MGH 
Nlgn3+/- (H-WT) 
Nlgn3-/-, Nlgn3+/-  
(and Nlgn3y/+, and Nlgn3y/-until weaning) 
Nlgn3-/- mice from MGH 
Nlgn3+/- (H-KO) 
Nlgn3-/-  
(and Nlgn3y/-until weaning) 
Nlgn3-/- mice from SGH 
Nlgn3+/+ 
(and Nlgn3y/+until weaning) 
Nlgn3+/+ mice from SGH 
Nlgn3-/-Pvalbcre/+, Nlgn3+/-, Nlgn3+/-Pvalbcre/+ 
(and Nlgn3y/+, Nlgn3y/+Pvalbcre/+, Nlgn3y/-, 
Nlgn3y/-Pvalbcre/+ until weaning, and no 
litters with Nlgn3-/- littermates were used) 
PV-MGH 
 
 
 
 
 
 
  
Table 3.2. The social dominance environment of the female mice. SGH stands for single 
genotype housed. MGH stands for mixed genotype housed. H-WT indicates that the 
Nlgn3+/- mice are housed with Nlgn3+/+ littermates. H-KO indicates that the Nlgn3+/- mice 
are housed with Nlgn3-/- littermates, PV-MGH indicates mixed genotype housing of mice 
expressing Pvalbcre/+.  
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3.3.2.1. The influence of the social dominance environment on the social interaction 
behaviour of adult Nlgn3+/+ mice, Nlgn3-/- mice, and their Nlgn3+/- littermates. 
To assess if Nlgn3-/- mice may have changes in their social behaviour and may influence the 
social behaviours of their littermates, interaction with an unfamiliar female was assessed. It 
was observed that Nlgn3-/- mice from MGH and their Nlgn3+/- (H-KO) littermates have lower 
levels of social interaction than Nlgn3+/+ mice from MGH and their Ngn3+/- (H-WT) littermates 
(figure 3.5.A, one-way ANOVA, P = 0.0004, F = 7.9, df=3, Tukey’s post-hoc analysis, Nlgn3+/+ 
mice and Nlgn3+/- (H-KO) mice: P = 0.040, Nlgn3+/+ mice and Nlgn3-/- mice from MGH: P = 
0.006, Nlgn3+/- (H-WT) mice and Nlgn3+/- (H-KO) mice: P = 0.017, Nlgn3+/- (H-WT) mice and 
Nlgn3-/- mice from MGH: P = 0.002, Nlgn3+/+ mice from MGH n = 10, Nlgn3+/- (H-WT) mice n = 
10, Nlgn3-/- mice from MGH n = 12, Nlgn3+/- (H-KO) mice n = 7). Nlgn3+/- mice have altered 
social interaction dependent upon if they are housed with either Nlgn3+/+ or Nlgn3-/- 
littermates, demonstrating that the presence of Nlgn3-/- mice or Nlgn3+/+ mice influences 
their social behaviours.  
To explore how the social dominance environment impacts the behaviours of Nlgn3+/+ mice, 
the social interaction of the Nlgn3+/+ mice from MGH was compared to the social interaction 
of Nlgn3+/+ mice from SGH. It was observed that there is no significant difference between 
the total time in interaction with an unfamiliar wild-type female of Nlgn3+/+ mice from SGH 
and Nlgn3+/+ mice from MGH (figure 3.5.B, independent samples t-test, Nlgn3+/+ mice from 
MGH n= 10, Nlgn3+/+ mice from SGH n = 11). These data suggest that adult Nlgn3+/- female 
mice do not influence the social interaction behaviour of their Nlgn3+/+ littermates. 
Finally, a comparison of the social behaviours of Nlgn3-/- mice from MGH, Nlgn3-/- mice from 
SGH, and Nlgn3-/-Pvalbcre/+ mice revealed that Nlgn3-/- mice from MGH have decreased social 
interaction. Furthermore, this decreased social interaction seen in MGH is restored in SGH 
conditions, and also by re-expression of Nlgn3 within Pvalb-expressing cells (figure 3.5.C, 
one-way ANOVA, P = 0.00001, F = 17.2, df=2. Tukey’s post-hoc analysis, MGH and SGH: P = 
0.0003, MGH and Pvalb: P = 0.00002, Nlgn3-/- mice from MGH n = 12, Nlgn3-/- mice from SGH 
n = 11, and Nlgn3-/-Pvalbcre/+ mice n = 10). This suggests that the social dominance  
environment and re-expression of Nlgn3 in Pvalb-expressing cells does lead to changes in the 
social behaviours of Nlgn3-/- mice.  
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Figure 3.5. The impact of the social dominance environment on the time spent by adult 
Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice interacting with an unfamiliar mouse.  A, average time 
spent interacting with an unfamiliar female (seconds) and standard error of the mean (SE) 
of Nlgn3+/+ mice from MGH, 99.8(SE: 8.4), Nlgn3+/- (H-WT) mice, 107.3(SE: 8.1), Nlgn3+/- (H-
KO) mice, 68.0(SE:3.8), Nlgn3-/- mice from MGH, 64.9(SE:5.3). A one-way ANOVA revealed a 
significant difference between the groups (P = 0.0004), the results of the Bonferroni post-
hoc are seen in the figure. B, average time spent interacting with an unfamiliar female 
(seconds) and standard error of the mean (SE) of Nlgn3+/+ mice from MGH, 99.8(SE:8.4), 
Nlgn3+/+ mice from SGH, 105.8(SE:6.8). An independent samples t-test revealed no 
significant difference between the groups. C, average time spent interacting with an 
unfamiliar female (seconds) and standard error of the mean (SE) of Nlgn3-/- mice from MGH, 
64.93(SE:5.7), Nlgn3-/- mice from SGH, 98.7(SE:5.4), and Nlgn3-/-Pvalbcre/+mice, 
107.6(SE:5.0). A one-way ANOVA revealed a significant difference between the groups (P = 
0.00001), the results of the Tukey’s post-hoc analysis are seen in the figure.  
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3.3.2.2. Levels of male courtship USV towards Nlgn3+/+ mice, Nlgn3+/- mice or Nlgn3-/- mice 
To observe if Nlgn3 knockout impacts the courtship behaviour of wild-type male mice 
towards females with Nlgn3 knockout, the courtship USV of wild-type males towards females 
was assessed. It was observed that there is no difference in the duration of calls of male wild-
type mice towards female Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- mice (figure 3.6.A, one-
way ANOVA, Nlgn3+/+ mice n = 8, Nlgn3+/- mice n = 9, and Nlgn3-/- mice n = 8). Similarly, there 
is no difference in the number of calls towards female Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-
/- mice (figure 3.6.B, Kruskal-Wallis test, Nlgn3+/+ mice n = 8, Nlgn3+/- mice n = 9, and Nlgn3-/- 
mice n = 8). These data show that there is no difference in courtship USV directed towards 
Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice, suggesting that the sexual behaviours of Nlgn3+/+, 
Nlgn3+/-, and Nlgn3-/- mice are not different. 
3.3.2.3. Characterisation of pup retrieval in Nlgn3+/+, Nlgn3+/- and Nlgn3-/- mice  
The maternal behaviours of female mice can be assessed through pup retrieval paradigms 
(Brown et al 1999). As different genotypes of female mice are used in the breedings for these 
experiments it is important to determine that this is no divergence in maternal care. 
Assessment of the maternal behaviours of Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- mice 
revealed that there is no significant difference in the time that it takes for the pups to be 
returned to the nest, however Nlgn3-/- mice come into contact with the pups faster than 
Nlgn3+/+ mice (figure 3.6.C, Kruskal-Wallis test, first contact: P = 0.022, Dunn's pairwise test, 
first contact, Nlgn3-/- mice and Nlgn3+/+ mice: P = 0.034, Nlgn3+/+ mice n = 13, Nlgn3+/- mice n 
= 9, Nlgn3-/- mice n = 9). These data suggest that while there is no difference in the time it 
takes to retrieve the pups to the nest, a slight discrepancy between the time to first contact 
the pups may exist in the Nlgn3-/- mice, indicating a faster response to the pups, but no overall 
change in the retrieval behaviour.  
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Figure 3.6, Courtship towards adult Nlgn3+/+, Nlgn3+/- and Nlgn3-/- mice and their maternal 
behaviours. A, average total duration calling (seconds) and standard error of the mean (SE) 
of males to Nlgn3+/+ mice, 14.2(SE:1.2), Nlgn3+/- mice, 17.7(SE:2.6), Nlgn3-/- mice, 
18.0(SE:2.4). A one-way ANOVA revealed that there is no significant difference between the 
groups. B, average total number of calls and standard error of the mean (SE) of males to 
Nlgn3+/+ mice, 434.1(SE:48.7), Nlgn3+/- mice, 492.5(SE:60.1), Nlgn3-/- mice, 485.5(SE:59.3). A 
Kruskal-Wallis revealed that there is no significant difference between the groups. C, 
average time taken for action (seconds) and standard error of the mean (SE) for Nlgn3+/+ 
mice for the first contact, 18.1(SE:2.9), first pup, 26.3(SE:3.8), second pup, 59.4(SE:8.7), third 
pup, 84.9(SE:8.9). Time taken for Nlgn3+/- for the first contact 19.1(SE:4.4), first pup, 
34.6(SE:5.5), second pup, 76.6(SE:10.8), third pup, 110.1(SE:15.1).Time taken for Nlgn3-/- 
mice for the first contact, 7.0(SE:2.7), first pup, 33.7(SE:4.3), second pup, 67.6(SE:13.1), third 
pup, 98.7(SE:15.6). A Kruskal-Wallis test revealed a significant difference for the first contact 
(P = 0.022). The results of the Dunns pairwise comparison is shown on the figure. 
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3.3.3. The influence of the social dominance environment and Nlgn3 re-expression on the 
social behaviours of juvenile male and female mice 
In this section, the impact of Nlgn3 knockout, the social dominance environment, and re-
expression on the social behaviours of juvenile (aged p21-28) male and female mice are 
assessed. At this age, the mice are not separated from their opposite sex littermates (See 
tables 3.1 and 3.2). Juvenile male mice are social, but unlike adult male mice they show low 
levels of aggression with each other until around p35, indicating that the social dominance 
environment of juvenile male mice is different to that of adult male mice (Pellis et al 1999, 
Terranova  et al 1998, Brown 1953). Juvenile C57BL/6 male and female mice also find social 
interaction rewarding (Panksepp and Lahvis 2007). As the juvenile mice are not separated 
from their opposite sex littermates, initial analysis on Nlgn3+/+ mice, Nlgn3y/+ mice, Nlgn3-/- 
mice and Nlgn3y/- mice was conducted to determine if there is an effect of sex on the 
behaviours of the juvenile mice. It was observed that there is an effect of social dominance 
environment, and of sex (figure 3.7.A, two-way ANOVA, social dominance environment: P = 
0.000086, F =  16.8, df = 1, Sex: P = 0.048, F = 4.0, df = 1, Nlgn3y/+ mice from MGH n = 12, 
Nlgn3y/- mice from MGH n = 10, Nlgn3y/+ from SGH n = 9, Nlgn3y/- from SGH n = 14, Nlgn3+/+ 
mice from MGH n = 14, Nlgn3+/+ mice from SGH n = 12, Nlgn3-/- mice from MGH n = 15, Nlgn3-
/- mice from SGH n = 20). As there is a main effect of sex, a targeted analysis of the male and 
female juvenile mice was conducted separately.  
3.3.3.1. The impact of the social dominance environment and Nlgn3 re-expression on the 
social behaviours of juvenile Nlgn3y/+ and Nlgn3y/- mice 
It was observed that there is an impact of social dominance environment on the social 
behaviours of male mice, however, further analysis is needed to determine if there is an 
impact of re-expression in Pvalb-expressing cells on the behaviours of Nlgn3y/+Pvalbcre/+ and 
Nlgn3y/-Pvalbcre/+ mice. It was found that juvenile Nlgn3y/+ mice and Nlgn3y/- mice from MGH 
show decreased social interaction compared to Nlgn3y/+ mice and Nlgn3y/- mice from SGH, 
and Nlgn3y/+Pvalbcre/+ and Nlgn3y/-Pvalbcre/+ mice (figure 3.7.B, two-way ANOVA, social 
dominance environment: P = 0.0002, F=9.5, df= 2, Bonferroni post-hoc analysis, MGH and 
SGH: P = 0.0008, MGH and Pvalb: P = 0.0009, Nlgn3y/+ mice from MGH n = 12, Nlgn3y/- mice 
from MGH n = 10, Nlgn3y/+ from SGH n = 9, Nlgn3y/- from SGH n = 14, Nlgn3y/+Pvalbcre/+ n = 11, 
and Nlgn3y/-Pvalbcre/+ n = 15). Therefore, it appears that MGH impacts the social behaviour of 
juvenile Nlgn3y/+ and Nlgn3y/- mice, and that re-expression of Nlgn3 in Nlgn3y/-Pvalbcre/+ mice 
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restores their own and their Nlgn3y/+Pvalbcre/+ littermates’ levels of social interaction, to 
levels comparable with Nlgn3y/+ mice and Nlgn3y/- mice from SGH. This suggests that re-
expression of Nlgn3 in Pvalb-expressing cells influences the social behaviours of juvenile 
mice. 
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Figure 3.7. The impact of social dominance environment on the social interaction of 
juvenile male and female wild-type and knockout mice, and the impact of social 
dominance environment and re-expression on juvenile male Nlgn3y/+ and Nlgn3y/- mice. A, 
the average time (seconds) and standard error of the mean (SE) spent interacting with an 
unfamiliar adult female in oestrous of Nlgn3y/+ mice from MGH, 110.0(SE:4.4), Nlgn3y/- mice 
from MGH, 111.0(SE:10.3), Nlgn3y/+ mice from SGH, 142.6(SE:6.8), Nlgn3y/- mice from SGH, 
136.6(SE:6.6), Nlgn3+/+ mice from MGH 103.6(SE:5.2), Nlgn3+/+ mice from SGH 122.2(SE:5.7), 
Nlgn3-/- mice from MGH 116.6(SE:6.2), and Nlgn3-/- mice from SGH 119.4(SE:5.9). Two-way 
ANOVA, social dominance environment: P = 0.000086, Sex P = 0.048. B, the average time 
(seconds) and standard error of the mean (SE) spent interacting with an unfamiliar adult 
female in oestrous of Nlgn3y/+ mice from MGH, 110.0(SE:4.4), Nlgn3y/- mice from MGH, 
111.0(SE:10.3), Nlgn3y/+ mice from SGH, 142.6(SE:6.8), Nlgn3y/- mice from SGH, 
136.6(SE:6.6), Nlgn3y/+Pvalbcre/+, 134.8(SE:7.5), and Nlgn3y/+Pvalbcre/+, 140.9(SE:4.8). A two-
way ANOVA revealed a significant effect of social dominance environment (P = 0.002), and 
the results of the Bonferroni post-hoc analysis are shown on the figure.  
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3.3.3.2. The influence of the social dominance environment and re-expression on the social 
interaction of juvenile Nlgn3+/+ mice, Nlgn3+/-, and Nlgn3-/- mice. 
In this section, the social interactions of juvenile Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- 
mice from different social dominance environment conditions and of Nlgn3-/-Pvalbcre/+ mice 
were assessed. Previously it was shown that there is an effect of social dominance 
environment on Nlgn3+/+ mice and Nlgn3-/- mice, but the phenotype of Nlgn3+/- mice 
compared to their littermates and the impact of social dominance environment on Nlgn3+/- 
mice were not explored. To that end, the social interaction of Nlgn3+/+ mice from MGH and 
their Nlgn3+/- (H-WT) littermates was compared with Nlgn3-/- mice from MGH and their 
Nlgn3+/- (H-KO) littermates. It was observed that there is no significant difference in the social 
interaction with an unfamiliar female of juvenile Nlgn3-/- mice from MGH, their Nlgn3+/- (H-
KO) littermates, Nlgn3+/+ mice from MGH, and their Nlgn3+/- (H-WT) littermates, (figure 3.8.A, 
one-way ANOVA, Nlgn3-/- mice from MGH n = 15, Nlgn3+/- (H-KO) mice n = 8, Nlgn3+/+ mice 
from MGH n = 14, Nlgn3+/- (H-WT) mice n = 8). Therefore, juvenile Nlgn3+/- and Nlgn3-/- mice 
do not have social behaviour changes relative to their littermates, and Nlgn3+/- mice do not 
have altered social behaviour dependent upon their social dominance environment 
condition.  
Nlgn3+/+ mice from MGH were compared with Nlgn3+/+ mice from SGH, revealing that 
Nlgn3+/+ mice from MGH have significantly lower social interactions than Nlgn3+/+ mice from 
SGH (figure 3.8.B, independent samples t - test, P = 0.027, df =24, Nlgn3+/+ mice from MGH n 
= 14, Nlgn3+/+ mice from SGH n = 12). These data show that the social dominance 
environment does influence the social behaviours of juvenile Nlgn3+/+ mice, confirming the 
impact of social dominance environment shown in figure 3.7.A.  
Finally, comparison of juvenile Nlgn3-/- mice from MGH, Nlgn3-/- mice from SGH, and Nlgn3-/-
Pvalbcre/+ mice revealed no impact of social dominance environment or re-expression of 
Nlgn3 in Pvalb-expressing cells on the time spent socially interacting with an unfamiliar 
female in oestrous (figure 3.8.C, one-way ANOVA, Nlgn3-/- mice from MGH n = 15, Nlgn3-/- 
mice from SGH n = 20, and Nlgn3-/-Pvalbcre/+ mice n = 10). These results suggest that neither 
the social dominance environment nor re-expression of Nlgn3 within Pvalb-expressing cells 
influences the social behaviours of juvenile Nlgn3-/- mice. Of note is that the results shown in 
figure 3.7.A don’t show an interaction of sex, social dominance environment and genotype, 
with more mice it is possible that this would be observed. 
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Figure 3.8. The impact of the social dominance environment on the time spent by juvenile 
Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice interacting with an unfamiliar mouse.  A, average 
time(seconds) and standard error of the mean (SE) spent interacting with an unfamiliar 
female of Nlgn3+/+ mice from MGH, 103.6(SE:5.4), Nlgn3+/- (H-WT) mice, 128.9(SE:6.7), 
Nlgn3+/-(H-KO) mice, 123.9(SE:8.0), Nlgn3-/- mice from MGH 116.6(SE:6.2). A one-way 
ANOVA revealed no significant difference between the groups. B, average time (seconds) 
and standard error of the mean (SE) spent interacting with an unfamiliar female of Nlgn3+/+ 
mice from MGH, 103.6(SE:5.2) Nlgn3+/+ mice from SGH, 122.2(SE:5.7). An independent 
samples t-test revealed a significant difference between the groups (P = 0.027). C, average 
time (seconds) and standard error of the mean (SE) spent interacting with an unfamiliar 
female of Nlgn3-/- mice from MGH, 116.6(SE:5.9), Nlgn3-/- mice from SGH, 119.4(SE:5.9), and 
Nlgn3-/-Pvalbcre/+ mice, 109.0(SE:7.9). A one-way ANOVA revealed no significant difference 
between the groups. 
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3.4. Discussion 
A summary of the statistically significant influence of MGH compared to SGH on the social 
behaviours of male and female mice as adults and juveniles (table 3.3). 
 
 
 
 
 Adult Male 
in MGH 
Adult Female 
in MGH 
Juvenile Male 
in MGH 
Juvenile 
Female in 
MGH 
Dominance 
against 
unfamiliar 
males 
Nlgn3y/+ ↓ 
Nlgn3y/-↓ 
 
N/A 
 
N/A 
 
N/A 
Urinary 
testosterone  
Nlgn3y/+ ↓ 
No change: 
Nlgn3y/- 
 
N/A 
 
N/A 
 
N/A 
 
Vocalisation  
 
No change 
 
N/A 
 
N/A 
 
N/A 
Social 
interaction  
 
    N/A 
No change: 
Nlgn3+/+ 
Nlgn3-/-↓ 
Nlgn3y/+ ↓ 
Nlgn3y/-↓ 
Nlgn3+/+↓ 
No change: 
Nlgn3-/- 
 
 
 
 
 
 
 
 
Table 3.3. A summary of the statistically significant impact of mixed genotype housing on 
the social behaviours of Nlgn3y/+, Nlgn3y/-, Nlgn3-/-, and Nlgn3+/+ mice.  
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3.4.1. Adult male social behaviours 
3.4.1.1. Dominance behaviours of adult male mice are impacted by the social dominance 
environment and genotype 
The data presented in this chapter support the initial hypothesis that Nlgn3y/- mice are 
submissive to their Nlgn3y/+ littermates, showing that a phenotype relating to social hierarchy 
does exist in these mice. Furthermore, this social submission within the hierarchy is not seen 
in the Nlgn3y/-Pvalbcre/+ mice, revealing that re-expression of Neuroligin-3 within Pvalb-
expressing cells is sufficient to ensure that Nlgn3y/-Pvalbcre/+ mice are not submissive towards 
their Nlgn3y/+Pvalbcre/+ littermates.  
This observation was expanded upon by assessing the relative dominance of the mice in the 
tube test compared to unfamiliar mice. Nlgn3y/+ and Nlgn3y/- mice from MGH show a 
decreased number of victories compared to Nlgn3y/+ and Nlgn3y/- mice from SGH and to 
Nlgn3y/+Pvalbcre/+ and Nlgn3y/-Pvalbcre/+ mice. This suggests that Nlgn3y/- mice disrupt the cage 
hierarchy leading to submissive behaviour of the group when tested against mice that are 
not peers. Interestingly, Nlgn3y/+Pvalbcre/+ and Nlgn3y/-Pvalbcre/+ mice have tube test victories 
that are similar to those from SGH conditions, suggesting that re-expression of Neuroligin-3 
in Pvalb-expressing cells is not only restoring the within cage hierarchy but also relative 
dominance levels against unfamiliar mice. Of note is that while Nlgn3y/+ mice from MGH show 
increased dominance versus their Nlgn3y/- littermates, they are submissive to unfamiliar wild-
type mice. These data suggest that dominance levels are relative to the social dominance 
environment, and are not innate, meaning that just because a mouse is dominant in one 
condition, this does not translate to dominance in the other condition. 
3.4.1.2. Testosterone, the social dominance environment, and social competition 
Levels of testosterone are associated with behaviours relating to social dominance, including 
aggressive behaviours against unfamiliar wild-type male mice, and counter marking of 
territory (Juntti et al 2010). In rhesus monkeys, higher levels of testosterone have been 
associated with displays of dominance (Higley et al 1996) and in humans levels of 
testosterone have been associated with non-violent dominance in teenage boys (Rowe et al 
2004). Supporting this notion is that the Nlgn3y/- mice and Nlgn3y/+ mice from MGH show 
decreased levels of testosterone and decreased wins against unfamiliar mice. However, 
Nlgn3y/- mice from SGH and Nlgn3y/-Pvalbcre/+ mice show decreased testosterone levels 
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compared to Nlgn3y/+ mice from SGH and Nlgn3y/+Pvalbcre/+ mice, despite having comparable 
numbers of wins tube test wins as Nlgn3y/+ mice from SGH and Nlgn3y/+Pvalbcre/+ mice. These 
data suggest that testosterone levels do not necessarily correlate with number of wins 
against unfamiliar male mice, therefore are not a direct readout of the dominance status of 
the mice. Another important point to consider is that testosterone levels have also been 
shown to be influenced by perception of challenge. Levels of testosterone increase in non-
human primates and in humans in anticipation of a challenge (Mazur et al 1992, Wobber et 
al 2010), and testosterone has been shown to increase in humans following a victory (Mazur 
et al 1980, Mazur et al 1992). In the context of the within cage hierarchy, given that Nlgn3y/- 
mice from MGH are submissive to their Nlgn3y/+ littermates, a lack of challenge may lead to 
decreased overall testosterone of all the mice. This could be a potential mechanism by which 
the Nlgn3y/- mice from MGH influence the testosterone levels of their Nlgn3y/+ littermates. In 
support of this notion is that testosterone levels of mice have been shown to be influenced 
by the social dominance environment of the mice. In one study, group housed male mice 
which were undergoing morphine withdrawal were assessed. Two groups were assessed, 
either all mice of the group received saline injections, or a group comprised of morphine 
withdrawal mice housed with saline treated non-morphine withdrawal mice. It was observed 
that morphine withdrawal mice, and their saline treated littermates, showed decreased 
levels of testosterone relative to saline treated only mice (Hofford et al 2011). This could be 
perceived as due to a change in the behaviour of the morphine withdrawal mice leading to 
an altered social dominance environment that then impacts the testosterone levels of the 
saline-treated mice, potentially reflecting a similar phenomenon that is seen in the MGH 
mice.  
3.4.1.3. Divergence of courtship USV behaviour and other markers of dominance 
Testosterone levels and position within the social hierarchy have been shown to influence 
levels of courtship USV in mice (Nunez et al 1978, Wang et al 2011). Given that both 
testosterone levels and position within the social hierarchy were changed dependent upon 
genotype and social dominance environment conditions, it seemed plausible that USV may 
also change. However, this was not observed. In the work of Wang et al (2011) it was shown 
that a more dominant mouse emits more courtship USV, but in contrast to this is that the 
data presented in this chapter show that position in the hierarchy and relative levels of 
dominance do not necessarily influence levels of courtship USV. Nlgn3y/-Pvalbcre/+ mice, which 
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have restored within cage tube test dominance, do not show an increase in courtship USV, 
indicating that these behaviours do not change in relation to each other. Additionally, both 
Nlgn3y/- mice from SGH and Nlgn3y/-Pvalbcre/+ mice have restored relative dominance levels 
against unfamiliar wild-types, but again do not show an increase in courtship USV. However, 
in the case of the Nlgn3y/- mice from SGH and Nlgn3y/-Pvalbcre/+ mice this could be due to a 
lack of Nlgn3 expression in neurones that mediate USV causing this deficit. Another point is 
that Nlgn3y/+ mice from MGH and SGH, and Nlgn3y/+Pvalbcre/+ mice show similar levels of USV 
despite having different relative dominance levels as assessed by unfamiliar male wild-type 
mice, again indicating that dominance does not necessarily increase levels of courtship USV. 
However, it is possible that dominance relative to unfamiliar wild-type mice may not share 
the same neurobiology as within cage hierarchy. Further to this, is that courtship USV and 
tube test dominance has been shown to be controlled by activity of the medial prefrontal 
cortex (mPFC) and influencing mPFC activity can increase or decrease both behaviours (Wang 
et al 2011). However, other brain regions, such as the hypothalamic ventral premammillary 
nucleus have also been associated with hierarchy behaviours (Stagkourakis et al 2018), and 
others may remain to be discovered. It is therefore possible there may also be a divergence 
of relative dominance, within-cage hierarchy, and levels of courtship USV on a neurological 
level, leading to the influence of social dominance environment on the dominance as 
measured by the tube test, but not by courtship USV.  
Furthermore, it was shown by Wang et al (2011) that a linear correlation of tube test and 
USV can be observed in wild-type mice, and while this was observed in the Nlgn3y/+ mice from 
SGH, this is not seen in the MGH cages. Therefore, it appears that Nlgn3y/- mice from MGH 
disrupt the formation of their hierarchy in such a way that the dominant in the tube test is 
no longer the dominant in levels of USV. Similar observations have been made in work in 
which mixed genotype cages containing wild-type mice and Cdkn1cBACx1 mice, which have 
altered dominance behaviours, no longer show a correlation of tube test victories and water 
access, while a correlation between the two tasks is observed in the control group 
(McNamara et al 2017, McNamara et al 2018). Therefore, disrupted cage hierarchy may be 
commonly seen in group housed mice of mixed dominance levels.  
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3.4.2. Adult female social behaviour  
3.4.2.1. Adult female mice, like male mice, influence and are influenced by the social 
dominance environment 
The results of the female behaviour demonstrate that, like in the males, MGH alters the 
behaviours of the mice within that environment. In adulthood, both Nlgn3-/- mice from MGH 
and their Nlgn3+/- (H-KO) littermates have decreased social interaction compared to Nlgn3+/+ 
mice and their Nlgn3+/- (H-WT) littermates. The decreased social behaviour of Nlgn3+/- mice 
must be due to their Nlgn3-/- littermates, as Nlgn3+/- (H-WT) and Nlgn3+/- (H-KO) have identical 
genotypes of male littermates as juveniles and dams, with the only difference being that they 
have either Nlgn3-/- or Nlgn3+/+ littermates. Additionally, in adulthood, the social behaviours 
of Nlgn3-/- mice, like Nlgn3y/- mice, seems to be restored by SGH social dominance 
environment, and by re-expression of Nlgn3 within Pvalb-expressing cells.  
3.4.2.2. A trend for no changes in maternal and sexual behaviour of female mice 
The work in this chapter aimed to assess if there may be an impact of Nlgn3 deletion on the 
maternal behaviours. Given that different genotypes of breeding females are used during 
this work, it is important to ensure there are no gross differences in the pup retrieval 
behaviour of the mice. While the results of the pup retrieval assay suggest that there are no 
differences between Nlgn3+/+, Nlgn3+/- and Nlgn3-/- mice, it is by no means exhaustive, and 
other behavioural assays assessing maternal care could be used, such as scoring the maternal 
behaviours of the female mice, and assessing criteria such as time spent in the nest and the 
time spent grooming the pups. If taken on face value, however, these results indicate that 
the contribution of the maternal behaviours to the phenotypes of the litter should not largely 
differ between the groups. Furthermore, the assessment of Nlgn3y/-Pvalbcre/+ mice and their 
Nlgn3y/+Pvalbcre/+ littermates provides a control for the maternal behaviours, as the dams of 
both the Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates and of Nlgn3y/+ mice 
and Nlgn3y/- mice from MGH mice are always Nlgn3+/-. Additionally, the use of Nlgn3y/-
Pvalbcre/+ mice provides a control for prenatal events, as the parvalbumin promotor is 
activated at around p10-p14 (Del Rio et al 1992). 
Finally, the results of the assessment of courtship USV towards female mice demonstrated 
that there is no difference in the levels of USV towards the female mice. This could indicate 
that there is possibly no difference in the pheromone status of the Nlgn3+/- and Nlgn3-/- mice 
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compared to Nlgn3+/+ mice; it could also indicate that there is no difference in the sexual 
receptivity. However, this is not a confirmed protocol, and it could be that it is not a sensitive 
enough measure to detect these changes if present. 
3.4.3. Influence of the social dominance environment on juvenile male and female mice 
It has been demonstrated that fighting behaviours of juvenile mice from p15-p30 only make 
up a small amount of the interactions of the mice, while in adult male mice a much larger 
amount of time is spent in agonistic interactions, with a large increase in aggressive 
behaviours at p35 and onwards (Pellis et al 1999, Terranova  et al 1998). This shows that the 
social dominance environment between males is different at adulthood compared to as 
juveniles. When looking at the behaviours of the juvenile male mice, it was observed that 
there was an impact of social dominance environment, with Nlgn3y/+ mice and Nlgn3y/- mice 
from MGH showing decreased social interaction with an unfamiliar female, compared to 
Nlgn3y/+ mice and Nlgn3y/- mice from SGH and Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-
Pvalbcre/+ littermates. However, like in adults, male juvenile mice also show an impact of MGH 
that is restored by SGH and re-expression, indicating that juvenile male mice are also 
sensitive to their social dominance environment despite the different types of social 
interactions of their peers. It is not known at what age the hierarchy begins to manifest, but 
it is possible that some degree of hierarchy without associated aggressive behaviours has 
begun to develop in the juvenile males. In order to determine if this is true, long term scoring 
of home cage behaviours of the mice over development into adulthood is needed for further 
characterisation of the behaviours of the mice. 
In the juvenile female mice, no difference is observed between Nlgn3-/- from MGH and their 
Nlgn3+/- (H-KO) littermates and Nlgn3+/+ from MGH mice and their Nlgn3+/- (H-WT) littermates, 
nor is there any difference observed between Nlgn3-/- mice from MGH and Nlgn3-/- mice from 
SGH and Nlgn3-/-Pvalbcre/+ mice. However, Nlgn3+/+ mice from MGH were found to have 
decreased social interaction compared to Nlgn3+/+ mice from SGH. Interestingly, Nlgn3+/+ 
mice from MGH show decreased social interactions as juveniles, a stage in which they are 
housed with Nlgn3y/- mice, however, as adults in same sex housing, they do not show 
decreased social interaction. This indicates that Nlgn3y/- mice could be influencing the 
behaviours of Nlgn3+/+ mice from MGH as juveniles, and this may be reversed following 
weaning. However, to truly understand if opposite sex Nlgn3 knockout mice influence each 
other this would have to be explored further. The degree in which opposite sex littermates 
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influence each other’s behaviours is not known. Some evidence suggests that opposite sex 
littermates can influence the behaviours of their opposite sex littermates (Crews et al 2009), 
however, this study assessed the behaviour of mice with estrogen receptor alpha knockout, 
that leads to the females adopting male behaviours, therefore this change may be due to 
interactions with the opposite sex that would not normally exist.  
3.4.4. Concluding remarks 
As hypothesised, adult Nlgn3y/- mice are socially submissive to their Nlgn3y/+ littermates, 
while re-expression of Nlgn3 within Pvalb-expressing cells restores this. Following this, it was 
observed that adult male MGH mice showed decreased dominance and decreased 
testosterone levels compared to mice from SGH and Nlgn3y/-Pvalbcre/+ and their 
Nlgn3y/+Pvalbcre/+ littermates. Furthermore, juvenile male mice from MGH show decreased 
social interaction. A similar trend was observed in the female mice; adult Nlgn3-/- mice and 
their Nlgn3+/- (H-KO) littermates show decreased social interactions compared to Nlgn3+/+ 
mice and their Nlgn3+/- (H-WT) littermates, demonstrating that adult Nlgn3-/- mice influence 
the social behaviours of their littermates. Additionally, MGH leads to decreased social 
behaviours of adult Nlgn3-/- mice, and SGH or re-expression of Nlgn3 in Pvalb-expressing cells 
in Nlgn3-/-Pvalbcre/+ mice restores this. These data demonstrate that the presence of Nlgn3 
knockout mice leads to measurable changes in the social behaviour of the group. Given that 
social interactions between peers shapes behaviours such as anxiety, it is therefore of 
importance to assess how these are impacted by the different genotype social dominance 
environment conditions.  
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Chapter 4: The effect of the social dominance environment and Nlgn3 
re-expression on exploratory and anxiety-related behaviours of Nlgn3 
knockout mice and their wild-type littermates  
 
4.1. Introduction 
The results from chapter three show that mixed genotype housing (MGH) impacts the social 
behaviours of male and female mice. In mice and rats, the social dominance environment has 
been shown to impact behaviours such as locomotion (Schiavone et al 2009, George et al 
2010, Ashby et al 2010, Schiavone et al 2012, Liu et al 2016), levels of anxiety (Romeo et al 
2003, Chourbaji et al 2005, Branchi and Alleva 2006, Branchi, D'andrea, Sietzema, et al 2006, 
Millstein and Holmes 2007, George et al 2010), and learning and memory (Rice et al 2008, Ibi 
et al 2008, Benner et al 2014). Furthermore, the results from chapter three show that Nlgn3y/- 
mice have altered dominance-related behaviours. The position within the social hierarchy of 
mice has been shown to differentially influence the behaviours and physiology of mice, 
including anxiety and corticosterone levels (Ely et al 1978, Doulames et al 2015, Larrieu et al 
2017, Horii et al 2017). It is therefore of interest to assess how MGH and single genotype 
housing (SGH) impacts the locomotive and anxiety-related behavioural phenotypes of the 
mice, and if re-expression of Nlgn3 in Pvalb-expressing cells influences the individual and 
group behaviours. These questions will be addressed in this chapter.  
4.2. Aims and objectives 
• To understand if MGH influences the locomotive and anxiety-related phenotypes of 
male and female wild-type and Nlgn3 knockout mice. 
• To understand if this is ameliorated at the individual and group level by re-expressing 
Nlgn3 within Pvalb-expressing cells. 
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4.3. Results 
4.3.1. The influence of the social dominance environment and Nlgn3 re-expression on the 
locomotive and anxiety-related behaviours of adult male Nlgn3y/+ and Nlgn3y/- mice 
This section of the chapter aims to determine how the social dominance environment 
influences the locomotive and anxiety-related behaviours of adult male mice. The social 
dominance environment conditions are the same as those outlined in table 3.1 of chapter 
three. 
4.3.1.1. The influence of the social dominance environment and Nlgn3 re-expression on 
open field arena exploration of adult Nlgn3y/+ and Nlgn3y/- mice  
The activity of Nlgn3y/+ mice and Nlgn3y/- mice from MGH, Nlgn3y/+ mice and Nlgn3y/- mice 
from SGH, and Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-Pvalbcre/+ littermates within the open 
field arena was assessed to determine if there is an effect of social dominance environment 
on locomotive behaviour. It was observed that Nlgn3y/+ mice from SGH have lower distance 
travelled than Nlgn3y/+ mice from MGH and Nlgn3y/+Pvalbcre/+ mice. Nlgn3y/- mice were found 
to be hyperactive regardless of social dominance environment or re-expression (figure 4.1, 
two-way ANOVA, Genotype: P = 2.4e-10, F = 52.1, df = 1, social dominance environment: P = 
0.035, F = 3.5, df = 2. Genotype x social dominance environment: P = 0.0002, F = 9.5, df = 2. 
Bonferroni post-hoc analysis, MGH and SGH: P = 0.001, SGH and Pvalb: P = 0.016. Bonferroni 
adjusted pairwise analysis, Nlgn3y/+ mice from MGH and Nlgn3y/- mice from MGH: P = 
0.00002, Nlgn3y/+ mice from SGH and Nlgn3y/- mice from SGH: P = 1.6e-09, Nlgn3y/+ mice from 
MGH and Nlgn3y/+ mice from SGH: P = 0.0003, Nlgn3y/+ mice from SGH and Nlgn3y/+Pvalbcre/+ 
mice: P = 0.00009, Nlgn3y/+ mice from MGH n = 21,  Nlgn3y/- mice from MGH n = 14, Nlgn3y/+ 
mice from SGH n = 16, Nlgn3y/- mice from SGH n = 9, Nlgn3y/+Pvalbcre/+ mice n = 14, and 
Nlgn3y/-Pvalbcre/+ mice n = 14). 
Consistent with previous reports, these data demonstrate that Nlgn3y/- mice are hyperactive 
in the open field arena (Radyushkin et al 2009, Rothwell et al 2014). Furthermore, these data 
suggest that MGH does not influence the activity of the Nlgn3y/- mice within the open field 
arena, while MGH does influence the behaviours of Nlgn3y/+ mice. Interestingly, while 
Nlgn3y/- mice from SGH are hyperactive compared to Nlgn3y/+ mice from SGH, and Nlgn3y/- 
mice from MGH are hyperactive compared to Nlgn3y/+ mice from MGH, Nlgn3y/-Pvalbcre/+ mice 
are not hyperactive compared to their Nlgn3y/+Pvalbcre/+ littermates. This suggests that Nlgn3 
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expression within Pvalb-expressing cells may be influencing the hyperactivity of the mice. 
However, as no difference between the activity of Nlgn3y/- mice from SGH or MGH conditions 
and Nlgn3y/-Pvalbcre/+ mice was observed, it is not possible to conclude that Nlgn3 re-
expression within Pvalb-expressing cells does mediate open field activity. 
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Figure 4.1. The impact of the social dominance environment and re-expression on the 
open field activity of adult Nlgn3y/+ and Nlgn3y/- mice. The average distance travelled (cm) 
and the standard error of the mean (SE) of adult Nlgn3y/+ mice from MGH, 4242.2(SE:251.7), 
Nlgn3y/- mice from MGH, 5845.0(SE:321.5), Nlgn3y/+ mice from SGH, 2848.8(SE:186.3), 
Nlgn3y/- mice from SGH, 5765.2(SE:316.1), Nlgn3y/+Pvalbcre/+ mice, 4515.5(SE:277.7), and 
Nlgn3y/-Pvalbcre/+, 4907.3(SE:258.8). A two-way ANOVA revealed a significant impact of 
genotype (P = 0.0000000002), housing (P = 0.035), and an interaction of genotype and social 
dominance environment (P = 0.0002). The results of the Bonferroni post-hoc analysis and 
Bonferroni adjusted post-hoc analysis and pairwise analysis are shown on the figure. 
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4.3.1.2. The influence of the social dominance environment and Nlgn3 re-expression on 
thigmotaxis within the open field arena of adult Nlgn3y/+ and Nlgn3y/- mice 
The distribution of activity within the open field arena can be used to assess anxiety of mice. 
The thigmotaxis of Nlgn3y/+ mice and Nlgn3y/- mice from MGH, Nlgn3y/+ mice and Nlgn3y/- 
mice from SGH, and Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-Pvalbcre/+ littermates within the 
open field arena was assessed. It was observed that Nlgn3y/- mice have decreased 
thigmotaxis as shown by their increased time in the centre and increased ratio of distance 
travelled in the centre compared to Nlgn3y/+ mice. Furthermore, it was observed that social 
dominance environment does influence the thigmotaxis of the mice within the open field 
arena. Nlgn3y/+ mice and Nlgn3y/- mice from MGH have decreased thigmotaxis, as shown by 
an increased ratio of distance travelled in the centre and an increased time in the centre 
when compared to Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and an increased time in the 
centre when compared to Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and Nlgn3y/+Pvalbcre/+ 
mice and their Nlgn3y/-Pvalbcre/+ littermates (ratio distance travelled in the centre/ total 
distance travelled, figure 4.2.A, two-way ANOVA, social dominance environment: P = 0.007, 
F = 5.3, df = 2, Genotype: P = 0.001, F = 12.4, df = 1, Bonferroni post-hoc analysis: MGH and 
SGH P = 0.001. Time in the centre, figure 4.2.B, two-way ANOVA, social dominance 
environment: P = 0.002, F = 6.9, df = 2, Genotype: P = 0.012, F = 6.5, df = 1, Bonferroni post-
hoc analysis, MGH and SGH: P = 0.002, MGH and Pvalb: P = 0.011, Nlgn3y/+ mice from MGH 
n = 21.  Nlgn3y/- mice from MGH n = 14, Nlgn3y/+ mice from SGH n = 16, Nlgn3y/- mice from 
SGH n = 9, Nlgn3y/+Pvalbcre/+ mice n = 14, and Nlgn3y/-Pvalbcre/+ mice n = 14).  
These data show that Nlgn3y/- mice have decreased thigmotaxis and that both Nlgn3y/+ mice 
and Nlgn3y/- mice from MGH have decreased thigmotaxis. This shows that social dominance 
environment does influences thigmotaxis, possibly indicating an effect on anxiety. 
Furthermore, the Nlgn3y/-Pvalbcre/+ mice and their Nlgn3y/+Pvalbcre/+ littermates showed 
similar behaviour to Nlgn3y/+ and Nlgn3y/- mice from SGH conditions, particularly for the time 
in the centre, indicating that re-expression of Nlgn3 within Pvalb-expressing cells restores 
the thigmotaxis behaviours of these mice. 
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Figure 4.2. The impact of the social dominance environment and re-expression on the 
thigmotaxis of adult Nlgn3y/+ and Nlgn3y/- mice in the open field arena. A, the average ratio 
in the centre/ total distance and standard error of the mean (SE) travelled in the open field 
arena of adult Nlgn3y/+ mice from MGH, 0.28(SE:0.015), Nlgn3y/- mice from MGH, 
0.31(SE:0.021), Nlgn3y/+ mice from SGH, 0.20(SE:0.015), Nlgn3y/- mice from SGH, 
0.28(SE:0.014), Nlgn3y/+Pvalbcre/+ mice, 0.23(SE:0.017), and Nlgn3y/-Pvalbcre/+, 
0.29(SE:0.019). A two-way ANOVA revealed a significant impact of genotype (P = 0.001), 
housing (P = 0.007). The results of the Bonferroni post-hoc analysis are shown on the figure. 
B, the average time in the centre (seconds) and the standard error of the mean (SE) of adult 
Nlgn3y/+ mice from MGH, 263.1(SE:19.5), Nlgn3y/- mice from MGH, 287.3(SE:34.4), Nlgn3y/+ 
mice from SGH, 162.2(SE:23.8), Nlgn3y/- mice from SGH, 218.7(SE:25.1), Nlgn3y/+Pvalbcre/+ 
mice, 158.5(SE:19.5), and Nlgn3y/-Pvalbcre/+, 240.8(SE:27.5). A two-way ANOVA revealed a 
significant impact of social dominance environment (P = 0.002) and genotype (P = 0.012). 
The results of the Bonferroni post-hoc are shown on the figure.  
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4.3.1.3. The influence of social dominance environment and Nlgn3 re-expression on 
elevated plus maze exploration of adult Nlgn3y/+ and Nlgn3y/- mice 
The anxiety levels of the mice can be explored further by using the elevated plus maze. The 
time spent in the open arms of the elevated plus maze of Nlgn3y/+ mice and Nlgn3y/- mice 
from MGH, Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and Nlgn3y/+Pvalbcre/+ mice and Nlgn3y/-
Pvalbcre/+ mice was assessed, revealing both an impact of genotype and social dominance 
environment on the time in the open arms of the elevated plus maze (figure 4.3, two-way 
ANOVA, social dominance environment: P = 0.048, F = 3.2, df = 2. Genotype: P = 0.036, F = 
4.6, df = 1, Nlgn3y/+ mice from MGH n = 20, Nlgn3y/- mice from MGH n = 14, Nlgn3y/+ mice 
from SGH n = 12, Nlgn3y/- from SGH n = 13, Nlgn3y/+Pvalbcre/+ mice n = 12, and Nlgn3y/-Pvalbcre/+ 
n = 12). These data show that both genotype and social dominance environment led to 
alterations of the time spent in the open arms of the elevated plus maze. However, the post-
hoc analysis of the social dominance environment conditions revealed no significant 
interactions, so this was not explored further.   
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Figure 4.3. The impact of the social dominance environment and re-expression on the time 
spent by adult Nlgn3y/+ and Nlgn3y/- mice in the open arms of the elevated plus maze. The 
average time spent in the open arms (seconds) and the standard error of the mean (SE) for 
Nlgn3y/+ mice from MGH, 64.2(SE:8.8), Nlgn3y/- mice from MGH, 99.5(SE:9.0), Nlgn3y/+ mice 
from SGH, 47.5(SE:8.3), Nlgn3y/- mice from SGH, 69.6(SE:11.9), Nlgn3y/+Pvalbcre/+ mice, 
80.7(SE:9.6), and for Nlgn3y/-Pvalbcre/+ mice, 75.4(SE:10.2). A two-way ANOVA revealed a 
significant effect of social dominance environment (P = 0.048) and of genotype (P = 0.036). 
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4.3.2. The impact of the social dominance environment and re-expression on the 
exploratory and anxiety-related behaviours of adult female Nlgn3+/+, Nlgn3-/-, and Nlgn3+/- 
mice 
This section of the chapter aims to determine how the social dominance environment 
impacts anxiety-related behaviours of adult female mice. The social dominance environment 
conditions were the same as those outlined in table 3.2 of chapter three. An initial analysis 
was conducted on Nlgn3+/+ mice from MGH, their Nlgn3+/- (H-WT) littermates, Nlgn3-/- mice 
from MGH, and their Nlgn3+/- (H-KO) littermates. Following this a targeted approach was 
utilised, in which the Nlgn3+/+ mice from MGH and Nlgn3+/+ mice from SGH were compared, 
followed by a comparison of the Nlgn3-/- mice from MGH, with Nlgn3-/- mice from SGH and 
Nlgn3-/-Pvalbcre/+ mice. 
4.3.2.1. The influence of the social dominance environment and Nlgn3 re-expression on 
the open field locomotive behaviour of adult Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- 
mice 
To investigate if locomotive behaviours are altered in the female mice with Nlgn3 knockout, 
the open field activity of Nlgn3-/- mice from MGH, their Nlgn3+/- (H-KO) littermates, Nlgn3+/+ 
mice from MGH, and their Nlgn3+/- (H-WT) littermates was assessed, revealing that Nlgn3-/- 
mice from MGH are hyperactive (figure 4.4.A, Kruskal-Wallis test, P = 0.000, Dunn’s pairwise 
analysis, Nlgn3-/- mice from MGH and Nlgn3+/+ mice from MGH: P = 0.023, Nlgn3-/- mice from 
MGH and Nlgn3+/- (H-WT) mice: P = 0.001, Nlgn3-/- mice from MGH and Nlgn3+/- (H-KO) mice: 
P = 0.001, Nlgn3+/+ mice from MGH n = 13, Nlgn3+/- (H-WT) mice n = 13, Nlgn3-/- mice from 
MGH n = 16, Nlgn3+/- (H-KO) mice n = 12). These data demonstrate that adult Nlgn3-/- mice 
from MGH conditions are hyperactive when compared to Nlgn3+/+ mice and Nlgn3+/- mice, 
reflecting the hyperactivity seen in Nlgn3y/- mice. Furthermore, adult Nlgn3+/- mice do not 
have altered activity dependent upon their social dominance environment.  
To assess if the social dominance environment influences the locomotive behaviour of 
Nlgn3+/+ mice, the open field activity of the Nlgn3+/+ mice from MGH was compared with the 
activity of Nlgn3+/+ mice from SGH. Analysis of the distance travelled within the open field 
arena revealed that Nlgn3+/+ mice from SGH show significantly lower distance travelled in the 
open field compared to Nlgn3+/+ mice from MGH (figure 4.4.B, Mann-Whitney U test, P = 
0.0004, Nlgn3+/+ mice from MGH n = 13, Nlgn3+/+ mice from SGH n = 8). This shows that the 
social dominance environment is a factor in influencing the locomotive activity of adult 
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Nlgn3+/+ mice and is consistent with the observation of decreased open field locomotion of 
adult Nlgn3y/+ mice from SGH. This could be due to the presence of the Nlgn3+/- mice, but the 
early life social dominance environment could also be a contributing factor.  
To assess if social dominance environment and re-expression impacts the locomotive 
behaviours of Nlgn3-/- mice, the open field activity of the Nlgn3-/- mice from MGH was 
compared to that of Nlgn3-/- mice from SGH and Nlgn3-/-Pvalbcre/+ mice. This revealed no 
significant difference between the groups (figure 4.4.C, one-way ANOVA, Nlgn3-/- mice from 
MGH n = 16, Nlgn3-/- mice from SGH n = 13, Nlgn3-/-Pvalbcre/+ mice n = 10). These data suggest 
that the social dominance environment does not influence the open field activity levels of 
the Nlgn3-/- mice, reflecting what is seen in adult Nlgn3y/- mice. Furthermore, re-expression 
within Pvalb-expressing cells does not significantly influence the activity of Nlgn3-/- mice, 
however, a trend for a decrease is observed, reflecting the non-significant decrease seen in 
Nlgn3y/-Pvalbcre/+ mice. 
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Figure 4.4. The impact of the social dominance environment on the activity within the 
open field arena of adult Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice. A, average distance travelled 
(cm) and standard error of the mean (SE) of Nlgn3+/+ mice from MGH, 4831.0 (SE:292.6), 
Nlgn3+/- (H-WT) mice, 4418.07 (SE:209.1), Nlgn3+/- (H-KO) mice, 4387.9 (SE:401.1), Nlgn3-/- 
mice from MGH, 6348.3 (SE:232.6). A Kruskal-Wallis test revealed a significant difference 
between the groups (P = 0.000). B, average distance travelled (cm) and standard error of 
the mean (SE) of Nlgn3+/+ mice from MGH, 4831.5(SE:292.6), Nlgn3+/+ mice from SGH, 
3342.2(SE:298.5). A Mann-Whitney U test revealed a significant difference between the 
groups (P = 0.0004). C, Average distance travelled (cm) and standard error of the mean (SE) 
of Nlgn3-/- mice from MGH, 6348.3 (SE:232.1), Nlgn3-/- mice from SGH, 6791.1 (SE:437.3), 
and Nlgn3-/-Pvalbcre/+ mice, 5751.9 (SE:484.2). A one-way ANOVA revealed no significant 
difference between the groups. 
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4.3.2.2. The influence of the social environment and Nlgn3 re-expression on the levels of 
thigmotaxis in the open field arena of adult Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- mice 
To explore the anxiety levels of the mice, the levels of thigmotaxis from the open field area 
were determined. The thigmotaxis of the Nlgn3+/+ mice from MGH, their Nlgn3+/- (H-WT) 
littermates, Nlgn3-/- mice from MGH and their Nlgn3+/- (H-KO) littermates were compared.  
Nlgn3-/- mice from MGH were found to have an increased ratio of the distance travelled in 
the centre of the open field arena/ distance, and a non-significant increased time in the 
centre (ratio of the distance travelled in the centre of the open field arena/ distance, figure 
4.5.A, one-way ANOVA, P = 0.0001, F = 8.6, df= 3, Tukey’s post-hoc analysis, Nlgn3-/- mice 
from MGH and Nlgn3+/+ mice from MGH: P = 0.001, Nlgn3-/- mice from MGH and Nlgn3+/- (H-
WT) mice: P = 0.001, Nlgn3-/- mice from MGH and Nlgn3+/- (H-KO) mice: P = 0.004. Time in 
centre, figure 4.5.B, Kruskal-Wallis test, Nlgn3+/+ mice from MGH n = 13, Nlgn3+/- (H-WT) mice 
n = 13, Nlgn3-/- mice from MGH n = 16, Nlgn3+/- (H-KO) mice n = 12). These results show that                      
Nlgn3-/- mice from MGH have an increased ratio of distance travelled in the centre and a 
trend for increased time in the centre, possibly indicating decreased anxiety. This also shows 
that adult Nlgn3+/- mice do not have altered thigmotaxis dependent upon social dominance 
environment.  
To determine if the social dominance environment is affecting the anxiety of Nlgn3+/+ mice, 
the thigmotaxis behaviour of the Nlgn3+/+ mice from MGH was compared to that of Nlgn3+/+ 
mice from SGH. It was observed that there is a significantly increased time in the centre of 
Nlgn3+/+ mice from MGH, and a non-significantly increased ratio of the distance travelled in 
the centre of the open field arena/ distance of Nlgn3+/+ mice from MGH (ratio of the distance 
travelled in the centre of the open field arena/ distance, figure 4.5.C, independent samples 
t-test, time in the centre, figure 4.5.D, independent samples t-test P = 0.019, df = 19, Nlgn3+/+ 
mice from MGH n = 13, Nlgn3+/+ mice from SGH n = 8). These data show that the social 
environment is a factor in mediating the thigmotaxic behaviour of Nlgn3+/+ mice, possibly 
indicating decreased anxiety in adult Nlgn3+/+ mice from MGH. 
To determine if the social dominance environment impacts the thigmotaxis behaviours of 
Nlgn3-/- mice, the Nlgn3-/- mice from MGH were compared to Nlgn3-/- mice from SGH and to 
Nlgn3-/-Pvalbcre/+ mice. This comparison revealed no significant effect of social dominance 
environment or re-expression on the levels of thigmotaxis of the mice (ratio distance 
travelled in the centre/ total distance, figure 4.5.E, one-way ANOVA. Time in centre, figure 
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4.5.F, one-way ANOVA, Nlgn3-/- mice from MGH n = 16, Nlgn3-/- mice from SGH n = 13, Nlgn3-
/-Pvalbcre/+ n = 10). These data indicate that there is no effect of social dominance 
environment or re-expression of Nlgn3 in Pvalb-expressing cells on the thigmotaxic 
behaviour of adult Nlgn3-/- mice. 
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Figure 4.5. The impact of the social dominance environment on the thigmotaxis in the 
open field arena of adult Nlgn3+/+, Nlgn3+/- and Nlgn3-/- mice. A, average ratio distance in 
the centre/ total distance and standard error of the mean (SE) of Nlgn3+/+ mice from MGH, 
0.27(SE:0.013), Nlgn3+/- (H-WT) mice, 0.27(SE:0.015), Nlgn3+/- (H-KO) mice, 0.28(SE:0.009), 
and Nlgn3-/- mice from MGH, 0.35(SE:0.015). A one-way ANOVA revealed a significant 
difference between the groups (P = 0.0001), and the results of the post-hoc analysis are 
shown on the figure. B, average time in the centre (seconds) and standard error of the mean 
(SE) of Nlgn3+/+ mice from MGH, 260.2 (SE:33.1), Nlgn3+/- (H-WT) mice, 235.2(SE:26.8), 
Nlgn3+/- (H-KO) mice, 247.7(SE:14.9), and Nlgn3-/- mice from MGH, 317.9(SE:25.3). A 
Kruskal-Wallis test reveals no significant difference between the groups.  
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Figure 4.5 continued. C, average ratio distance in the centre/ total distance and standard 
error of the mean (SE) of Nlgn3+/+ mice from MGH, 0.27(SE:0.013), and Nlgn3+/+ mice from 
SGH, 0.23(SE:0.05). An independent samples t-test revealed no significant difference 
between the groups. D, average time in the centre (seconds) and standard error of the mean 
(SE) of Nlgn3+/+ mice from MGH, 260.2(SE:33.1), and Nlgn3+/+ mice from SGH, 140.7(SE:24.4). 
An independent samples t-test revealed a significant difference between the groups (P = 
0.019). E, average ratio distance in the centre/ total distance and standard error of the mean 
(SE) of Nlgn3-/- mice from MGH, 0.35(SE:0.015), Nlgn3-/- mice from SGH, 0.33(SE:0.02), and 
Nlgn3-/-Pvalbcre/+ mice, 0.34(SE:0.024). A one-way ANOVA revealed no significant difference 
between the groups. F, average time in the centre (seconds) and standard error of the mean 
(SE) of Nlgn3-/- mice from MGH, 317.9(SE:25.3), Nlgn3-/- mice from SGH, 252.8(SE:22.01), 
and Nlgn3-/-Pvalbcre/+ mice, 259(SE:25.8). A one-way ANOVA revealed no significant 
difference between the groups. 
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4.3.2.3. The influence of the social dominance environment and Nlgn3 re-expression on the 
exploration of the elevated plus maze of adult Nlgn3+/+ mice, Nlgn3+/- mice, and Nlgn3-/- 
mice 
The exploration of the elevated plus maze of Nlgn3+/+ mice from MGH, their Nlgn3+/- (H-WT) 
littermates, Nlgn3-/- mice from MGH, and their Nlgn3+/- (H-KO) littermates was compared, 
revealing that there is no significant difference between the groups (figure 4.6.A, one-way 
ANOVA, Nlgn3+/+ mice from MGH n = 13, Nlgn3+/- (H-WT) mice n = 11, Nlgn3-/- mice from MGH 
n = 19, Nlgn3+/- (H-KO) mice n = 13). This shows that neither adult Nlgn3-/- mice or Nlgn3+/- 
mice have altered elevated plus maze exploration relative to their littermates. Additionally, 
adult Nlgn3+/- mice do not have altered elevated plus maze exploration dependent upon if 
they are housed with Nlgn3+/+ mice or Nlgn3-/- mice.   
To determine if the social dominance environment of adult Nlgn3+/+ mice impacts their 
elevated plus maze exploration, the Nlgn3+/+ mice from MGH were compared to Nlgn3+/+ 
mice from SGH. It was observed that Nlgn3+/+ mice from MGH spent significantly more time 
in the open arms of the elevated plus maze compared to Nlgn3+/+ mice from SGH (figure 
4.6.B, independent samples t-test, P = 0.0006, df = 19, Nlgn3+/+ mice from MGH n = 13, 
Nlgn3+/+ mice from SGH n = 8). This shows that social dominance environment impacts the 
open arm exploration of Nlgn3+/+ mice, possibly indicating that adult Nlgn3+/+ mice from MGH 
have decreased anxiety compared to adult Nlgn3+/+ mice from SGH. 
To explore how the social dominance environment and re-expression of Nlgn3 in Pvalb-
expressing cells mediates the exploration of the elevated plus maze behaviour of adult Nlgn3-
/- mice, the Nlgn3-/- mice from MGH were compared with Nlgn3-/- mice from SGH, and Nlgn3-
/-Pvalbcre/+ mice. It was observed that Nlgn3-/- mice from MGH have increased time in the open 
arms compared to Nlgn3-/- mice from SGH and Nlgn3-/-Pvalbcre/+ mice (figure 4.6.C, one-way 
ANOVA, P = 0.004, F = 6.2, df = 2, Tukey’s post-hoc analysis, Nlgn3-/- mice from MGH and 
Nlgn3-/- mice from SGH: P = 0.008, Nlgn3-/- mice from MGH and Nlgn3-/-Pvalbcre/+ mice: P = 
0.032, Nlgn3-/- mice in MGH n =19, Nlgn3-/- mice from SGH n = 13, and Nlgn3-/-Pvalbcre/+ mice 
n =9). These data show that the social dominance environment impacts the elevated plus 
maze exploration of Nlgn3-/- mice and indicates that the anxiety of adult female Nlgn3-/- mice 
is influenced by the social dominance environment and re-expression of Nlgn3 in Pvalb-
expressing cells.   
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Figure 4.6. The impact of the social dominance environment on the time spent in the open 
arms of the elevated plus maze of adult Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice. A, average 
time spent in the open arms (seconds) and standard error of the mean (SE) of Nlgn3+/+ mice 
from MGH, 110.8(SE:9.9), Nlgn3+/- (H-WT) mice, 91.3(SE:12.1), Nlgn3+/- (H-KO) mice 
112.4(SE: 9.4), Nlgn3-/- mice from MGH, 116.3(SE:7.9). A one-way ANOVA revealed no 
significant difference between the groups. B, Average time spent in the open arms (seconds) 
and standard error of the mean (SE) of Nlgn3+/+ mice from MGH, 110.8(SE:9.9), Nlgn3+/+ mice 
from SGH, 53.7(SE:9.6). An independent sample test revealed a significant difference 
between the groups (P = 0.0006). C, Average time spent in the open arms (seconds) and 
standard error of the mean (SE) of Nlgn3-/- mice from MGH, 116.3(SE:7.9), Nlgn3-/- mice from 
SGH, 82.7(SE:7.0), Nlgn3-/-Pvalbcre/+ mice, 85.9(SE:7.4). A one-way ANOVA revealed a 
significant difference between the groups (P = 0.004). The results of the Tukey’s post-hoc 
analysis are shown in the figure. 
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4.3.3. The impact of the social dominance environment and Nlgn3 re-expression on the 
exploratory and anxiety-related behaviours of juvenile male and female mice 
In this section, the exploratory behaviours of male and female juvenile mice were assessed. 
As before, the juvenile male and female mice were not yet weaned into their separate sex 
housing conditions. The social dominance environment conditions are the same as those 
outlined in table 3.1 and table 3.2. As shown in chapter 3, the social interaction behaviour is 
different between the sexes, indicating a sexual dimorphism at juvenile stages; because of 
this, the sexes were split in the following analysis.   
4.3.3.1. The influence of the social dominance environment and Nlgn3 re-expression on 
the open field arena exploration of juvenile Nlgn3y/+ and Nlgn3y/- mice 
To assess how knockout of Nlgn3 and the social dominance environment influences the 
locomotive behaviours of juvenile mice, recordings in the open field arena were taken. Two 
recordings of open field activity were taken on sequential days to assess if initial reactivity 
and habituation to the box is impacted by genotype, social dominance environment, and 
Nlgn3 re-expression. The distance travelled of Nlgn3y/+ mice and Nlgn3y/- mice from MGH, 
Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-
Pvalbcre/+ littermates was compared, revealing that Nlgn3y/- mice are hyperactive, and that 
the behaviour of MGH mice on day two is different to that of mice from SGH and the PV-
MGH mice (figure 4.7, two-way ANOVA, Day: P = 1.0e-12, F = 73.4, df = 1. social dominance 
environment: P = 0.0003, F =8.9, df = 2. Genotype: P = 0.00002, F = 20.4, df = 1. Day x social 
dominance environment: P = 0.007, F = 5.1, df = 2, Bonferroni post-hoc analysis, MGH and 
SGH: P = 0.049, MGH and Pvalb: P = 0.0006. Bonferroni adjusted pair-wise comparisons, day 
two MGH and day two Pvalb: P = 9.01e-7, day two MGH and day two SGH: P = 0.0003, MGH 
day one to day two: P = 0.011, SGH day one to day two: P = 2.57e-08, PV-MGH day one to 
day two: P = 2.36e-08, Nlgn3y/+ mice from MGH n = 24, Nlgn3y/- mice from MGH n = 17, 
Nlgn3y/+ mice from SGH n = 19, Nlgn3y/- mice from SGH n = 21, Nlgn3y/+Pvalbcre/+ mice n = 15, 
Nlgn3y/-Pvalbcre/+ mice n = 13). 
These results show that, like in adulthood, juvenile Nlgn3y/- mice are also hyperactive, and 
this hyperactivity is not influenced by the social dominance environment condition or re-
expression of Nlgn3 in Pvalb-expressing cells. Furthermore, these results show that Nlgn3y/- 
mice and Nlgn3y/+ mice from MGH have increased activity within the open field arena on day 
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two compared to mice from SGH and PV-MGH mice, indicating that social dominance 
environment and re-expression of Nlgn3 influences habituation within the open field arena.  
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Figure 4.7. The impact of the social dominance environment and re-expression on the 
activity within the open field arena of juvenile Nlgn3y/+ and Nlgn3y/- mice. Average distance 
travelled (cm) and standard error of the mean (SE) on day one of Nlgn3y/+ mice from MGH, 
4316.4(SE:182.6), Nlgn3y/- mice from MGH, 5307.0(SE:378.0), Nlgn3y/+ mice from SGH, 
4150.8(SE:260.0), Nlgn3y/- mice from SGH, 4839.9(SE:248.1), Nlgn3y/+Pvalbcre/+ mice, 
3683.3(SE:314.9), Nlgn3y/-Pvalbcre/+ mice, 4990.3(SE:445.3), and on day two, Nlgn3y/+ mice 
from MGH, 3847.1(SE:212.4), Nlgn3y/- mice from MGH, 4751.6(SE:341.6), Nlgn3y/+ mice from 
SGH, 2904.7(SE:245.9), Nlgn3y/- mice from SGH, 3874.5(SE:166), Nlgn3y/+Pvalbcre/+, 
2667.4(SE:218.2), Nlgn3y/-Pvalbcre/+ mice, 3206.9(SE:261.4). The result of the two-way 
ANOVA found significant impact of day (P = 0.00000000001), genotype (P = 0.00002), social 
dominance environment (P = 0.0003), and day x social dominance environment (P = 0.007), 
and the results of the Bonferroni post-hoc analysis and Bonferroni adjusted pair-wise 
analysis are shown on the figure. 
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4.3.3.2. The influence of the social dominance environment and Nlgn3 re-expression on 
the levels of thigmotaxis in the open field arena of juvenile Nlgn3y/+ and Nlgn3y/- mice 
To assess if genotype or social dominance environment influences the anxiety of the juvenile 
male mice within the open field arena, the open field thigmotaxis of the Nlgn3y/+ mice and 
Nlgn3y/- mice from MGH, Nlgn3y/+ mice and Nlgn3y/- mice from SGH, and Nlgn3y/+Pvalbcre/+ 
mice and their Nlgn3y/-Pvalbcre/+ littermates was compared. It was observed that 
Nlgn3y/+Pvalbcre/+ mice and Nlgn3y/-Pvalbcre/+ have decreased time in the centre and increased 
ratio of distance in the centre/ total distance. From day one to day two, it was observed that 
mice from MGH show no decrease in the ratio of distance travelled in the centre (ratio 
distance travelled in the centre/ total distance, figure 4.8.A, two-way ANOVA, Day: P = 1.65e-
09, F = 43.5, df = 1. Genotype: P = 0.004, F = 8.8, df= 2. social dominance environment: P = 
0.00001, F = 12.9, df=2. Day x social dominance environment: P = 0.001, F = 6.9, df = 2. 
Bonferroni post-hoc: MGH and PV-MGH P = 5.2e-06, SGH and PV-MGH P = 0.0004, Bonferroni 
pairwise comparison, day two MGH and Pvalb: P = 1.32e-08, day two SGH and Pvalb: P = 
4.44e-06, PV-MGH day one to day two: P = 1.21e-08, SGH day one and day two: P = 0.007. 
Time in centre, figure 4.8.B, two-way ANOVA, Day: P = 0.0004, F = 16.4, df = 1. Genotype P = 
0.0002, F =15.18, df =1. social dominance environment: P = 0.002, F = 6.8, df = 2, Bonferroni 
post-hoc analysis: MGH and PV-MGH P = 0.001, SGH and PV-MGH P = 0.005, Nlgn3y/+ mice 
from MGH n = 24, Nlgn3y/- mice from MGH n = 17, Nlgn3y/+ mice from SGH n = 19, Nlgn3y/- 
mice from SGH n = 21, Nlgn3y/+Pvalbcre/+ mice n = 15, Nlgn3y/-Pvalbcre/+ mice n = 13). 
Interestingly, a significant impact of genotype was observed for both the ratio of distance 
travelled and the time in the centre, with Nlgn3y/- mice showing decreased thigmotaxis, 
consistent with what is observed in adult Nlgn3y/- mice. This appears to be more pronounced 
on day two, but no interaction of social dominance environment, day and genotype was 
observed so this was not explored further. A main effect of social dominance environment 
and day was observed for the ratio of distance in the centre/ total distance, and investigation 
into this revealed that both the mice from SGH and the Nlgn3y/+Pvalbcre/+ mice and their 
Nlgn3y/-Pvalbcre/+ littermates show a significant decrease from day one to day two, while mice 
from MGH do not. However, Nlgn3y/- mice from SGH do not appear to have this decrease. As 
there was no interaction of day, social dominance environment, and genotype, this was not 
investigated further. Additionally, these data indicate that the time in the centre and the 
ratio of the distance in the centre/ total distance is influenced by re-expression of Nlgn3 in 
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Pvalb-expressing cells, possibly indicating that re-expression of Nlgn3 within parvalbumin 
containing neurones could be having an additional effect on thigmotaxic behaviour.  
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Figure 4.8. The impact of social dominance environment and re-expression on 
thigmotaxis of juvenile Nlgn3y/+ and Nlgn3y/- mice within the open field arena. A, 
average ratio of distance travelled in the centre/ total distance and standard error of the 
mean (SE) on day one of Nlgn3y/+ mice from MGH, 0.31 (SE:0.016), Nlgn3y/- mice from 
MGH, 0.31(SE:0.015), Nlgn3y/+ mice from SGH, 0.30(SE:0.014),  Nlgn3y/- mice from SGH, 
0.31(SE:0.018), Nlgn3y/+Pvalbcre/+ mice, 0.25(SE:0.022),  Nlgn3y/-Pvalbcre/+ mice, 
0.30(SE:0.017), and on day two of Nlgn3y/+ mice from MGH, 0.28(SE:0.013), Nlgn3y/- mice 
from MGH, 0.30(SE:0.010), Nlgn3y/+ mice from SGH, 0.23(SE:0.016), Nlgn3y/- mice from 
SGH, 0.30 (SE:0.020), Nlgn3y/+Pvalbcre/+ mice, 0.15(SE:0.014), Nlgn3y/-Pvalbcre/+ mice, 
0.21(SE:0.013). The result of the two-way ANOVA found significant impact of day (P = 
1.65e-09), genotype (P = 0.004), social dominance environment (P = 0.00001), and an 
interaction of day and social dominance environment (P = 0.001). The results of the 
Bonferroni post-hoc analysis and pairwise comparisons are shown on the figure.  
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Figure 4.8, continued. B,  average time in the centre (seconds) and the standard error of 
the mean (SE) on day one of Nlgn3y/+ mice from MGH, 292.5(SE:26.5), Nlgn3y/- mice from 
MGH, 304.5(SE:20.9), Nlgn3y/+ mice from SGH, 277.8(SE:23.5), Nlgn3y/- mice from SGH, 
300.9(SE:23.3), Nlgn3y/+Pvalbcre/+ mice, 183.4(SE:30.9), Nlgn3y/-Pvalbcre/+ mice, 
326.7(SE:30.7), and on day two of Nlgn3y/+ mice from MGH, 251.8 (SE:25.6), Nlgn3y/- mice 
from MGH, 290.4(SE:22.5), Nlgn3y/+ mice from SGH, 200.6(SE:25.6), Nlgn3y/- mice from SGH, 
308.6(SE:31.4), Nlgn3y/+Pvalbcre/+ mice, 109.2(SE:20.4), Nlgn3y/-Pvalbcre/+ mice, 
201.5(SE:33.0). The result of the two-way ANOVA found significant impact of day (P = 
0.0004), genotype (P = 0.0002), and social dominance environment (P = 0.002), and the 
results of the Bonferroni post-hoc analysis are shown on the figure.  
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4.3.3.3. The influence of the social dominance environment and Nlgn3 re-expression on the 
exploration of the elevated plus maze of juvenile Nlgn3y/+ and Nlgn3y/- mice 
The anxiety levels of the juvenile mice were further assessed using the elevated plus maze. 
The time in the open arms of Nlgn3y/+ mice and Nlgn3y/- mice from MGH, Nlgn3y/+ mice and 
Nlgn3y/- mice from SGH, and Nlgn3y/+Pvalbcre/+ and their Nlgn3y/-Pvalbcre/+ littermates were 
compared to assess the effect of social dominance environment and genotype. It was found 
that Nlgn3y/- mice have increased time in the open arms, and that mice from SGH show an 
overall decreased time in the open arms (figure 4.9, two-way ANOVA, Genotype: P = 0.022, 
F = 5.3, df = 1, Social dominance environment: P = 0.001, F = 7.6, df = 2, Bonferroni post-hoc 
analysis: SGH and MGH P = 0.004, SGH and PV-MGH P = 0.029, Nlgn3y/+ mice from MGH n = 
18, Nlgn3y/- mice from MGH n = 9, Nlgn3y/+ mice from SGH n = 19, Nlgn3y/- mice from SGH n 
= 22, Nlgn3y/+Pvalbcre/+ mice n = 11, Nlgn3y/-Pvalbcre/+mice  n = 15). These data show that 
juvenile Nlgn3y/- mice, like adult Nlgn3y/- mice, have increased time spent in the open arms, 
possibly reflecting decreased anxiety. There appears to be an effect of SGH, but not re-
expression in Pvalb-expressing cells, on the time spent in the open arms on the mice, possibly 
indicating an altered anxiety of the mice.  
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Figure 4.9. The impact of the social dominance environment and re-expression on elevated 
plus maze exploration of juvenile Nlgn3y/+ and Nlgn3y/- mice.  Average time in the open 
arms (seconds), and standard error of the mean (SE) of Nlgn3y/+ mice from MGH, 
94.1(SE:7.60), Nlgn3y/- mice from MGH, 112.6(SE:7.11), Nlgn3y/+ mice from SGH, 
70.1(SE:4.52), Nlgn3y/- from SGH, 85.7(SE:6.20), Nlgn3y/+Pvalbcre/+ mice, 93.3(SE:8.78), 
Nlgn3y/-Pvalbcre/+ mice, 100.1(SE:6.74). A two-way ANOVA revealed a main effect of genotype 
(P = 0.022) and a main effect of social dominance environment (P = 0.001), the results of the 
Bonferroni post-hoc analysis are shown on the figure.      
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4.3.3.5. The influence of the social dominance environment and re-expression of Nlgn3 on 
the open field activity of juvenile Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice 
The activity within the open field arena on two sequential days of juvenile Nlgn3+/+ mice from 
MGH, Nlgn3+/- (H-WT) mice, Nlgn3+/- (H-KO) mice, and Nlgn3-/- mice from MGH was assessed, 
revealing that Nlgn3-/- mice from MGH are hyperactive (figure 4.10.A, repeated measures 
ANOVA, Day: P = 0.009, F = 7.2, df = 1. Group: P = 0.00004, F = 9.2, df = 3, Bonferroni post-
hoc analysis, Nlgn3+/+ mice from MGH and Nlgn3-/- mice from MGH: P = 0.00008, Nlgn3+/- (H-
WT) mice and Nlgn3-/- mice from MGH: P = 0.009, Nlgn3+/- mice (H-KO) and Nlgn3-/- mice from 
MGH: P = 0.007, Nlgn3+/+ mice from MGH n = 13, Nlgn3+/- (H-WT) mice n = 13, Nlgn3+/- (H-KO) 
mice n = 14, Nlgn3-/- mice from MGH n = 24). These data show that Nlgn3-/- mice from MGH 
have significantly increased locomotion in the open field arena compared to their Nlgn3+/- (H-
KO) littermates, and Nlgn3+/+ mice and their Nlgn3+/- (H-WT) littermates. This demonstrates 
that like adult Nlgn3-/- mice, and adult and juvenile Nlgn3y/- mice, juvenile Nlgn3-/- mice are 
hyperactive. Additionally, Nlgn3+/- mice do not show altered activity dependent upon social 
environment, reflecting what is seen in adult Nlgn3+/- mice. Overall there was an impact of 
day, but no interaction of day and group, however, Nlgn3+/+ mice do appear to have a smaller 
decrease in activity from day one to day two compared to the other groups, which was not 
explored further due to no interaction of day and group.  
To assess how the social dominance environment impacts the open field activity of Nlgn3+/+ 
mice over two days, Nlgn3+/+ mice from MGH were compared to Nlgn3+/+ mice from SGH. 
This revealed that the activity of Nlgn3+/+ mice on both days was impacted by social 
dominance environment.  Relative to Nlgn3+/+ mice from MGH, Nlgn3+/+ mice from SGH show 
an increased distance travelled on day one, and a decreased distance travelled on day two 
(figure 4.10.B, repeated measures ANOVA, Day: P = 0.0006, F = 15.6, df = 1, Day x 
environment: P = 0.0003, F = 18.2, df = 1, Bonferroni corrected pair-wise analysis, Nlgn3+/+ 
mice from SGH, day one to day two: P = 8.4e-06, Day one Nlgn3+/+ mice from SGH and Nlgn3+/+ 
mice from MGH: P = 0.002, Day two Nlgn3+/+ mice from SGH and Nlgn3+/+ mice from MGH: P 
= 0.017, Nlgn3+/+ mice from MGH n = 13, Nlgn3+/+ mice from SGH n = 12). These data 
demonstrate that the social dominance environment does influence the activity levels of 
Nlgn3+/+ mice in the open field arena over the two-day exposure, reflecting what is seen in 
Nlgn3y/+ juvenile mice. Interestingly, as day one activity is also elevated in Nlgn3+/+ mice from 
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SGH compared to Nlgn3+/+ mice from MGH, it appears that initial reactivity to the open field 
arena, as well as habituation, is impacted by social dominance environment.  
To assess if the social dominance environment or re-expression of Nlgn3 in Pvalb-expressing 
cells influences the activity of juvenile Nlgn3-/- mice, the activity in the open field arena on 
day one, and day two, of Nlgn3-/- mice from MGH, Nlgn3-/- mice from SGH, and Nlgn3-/-
Pvalbcre/+ was assessed. It was revealed that there is a significant impact of day and group 
(figure 4.10.C, repeated measures ANOVA, Day: P = 0.00009, F = 18.2, df = 1. Group: P = 
0.035, F = 3.6, df = 2, Bonferroni post-hoc, Nlgn3-/- MGH and Nlgn3-/-Pvalbcre/+ mice: P = 0.031, 
Nlgn3-/- mice from MGH n = 24, Nlgn3-/- mice from SGH n = 20, Nlgn3-/-Pvalbcre/+ n = 10). This 
demonstrates that re-expression of Nlgn3 in Pvalb-expressing cells leads to an overall 
decrease in activity, however, day one to day two activity is not impacted by social 
dominance environment or re-expression. 
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Figure 4.10. The impact of the social dominance environment on activity in the open field 
arena of juvenile Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice. A, the average distance travelled 
(cm) and standard error of the mean (SE) on day one of Nlgn3+/+ mice from MGH, 
3795.6(SE:248.5), Nlgn3+/- (H-WT) mice, 4625.7(SE:315.7), Nlgn3+/- (H-KO) mice, 
4625.3(SE:366.0), and Nlgn3-/- mice from MGH, 5480(SE:282.5), and on day 2, Nlgn3+/+ mice 
from MGH, 3866.0(SE:214.5), Nlgn3+/- (H-WT) mice, 3876.8(SE:184.7), Nlgn3+/- (H-KO) mice, 
3885.4(SE:203.4), Nlgn3-/- mice from MGH, 5049.0(SE:245.2). A repeated measures ANOVA 
found a significant impact of day (P = 0.009) and of group (P = 0.0004), the results of the 
Bonferroni post-hoc analysis are shown on the figure.  
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Figure 4.10, continued. B, the average distance travelled (cm) and standard error of the 
mean (SE) on day one of Nlgn3+/+ mice from MGH, 3795.6(SE:248.5), and Nlgn3+/+ mice from 
SGH, 4752.8(SE:277.3) and on day 2, Nlgn3+/+ mice from MGH, 3866.0(SE:214.5) and Nlgn3+/+ 
mice from SGH, 2884.3(SE:170.1). A significant impact of day (P = 0.0006), and of day and 
genotype (P = 0.0003). The results of the Bonferroni adjusted pairwise comparisons are 
shown on the figure. C, Average distance travelled (cm) and standard error of the mean (SE) 
on day one Nlgn3-/- mice from MGH, 5480(SE:282.5), Nlgn3-/- mice from SGH, 
5473.5(SE:375.4), Nlgn3-/-Pvalbcre/+ mice, 4751.6(SE:282.2), and on day 2, Nlgn3-/- mice from 
MGH, 5049.0(SE:245.2), Nlgn3-/- mice from SGH, 4459.8(SE:282.6), and Nlgn3-/-Pvalbcre/+ 
mice, 3473.2(SE:302.3). A repeated measures ANOVA revealed a significant effect of day (P 
= 0.00009), and of group (P = 0.035); the results of the Bonferroni post-hoc analysis are 
shown on the figure. 
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4.3.3.6. The influence of the social dominance environment and Nlgn3 re-expression on 
the levels of thigmotaxis within the open field arena of juvenile Nlgn3+/+, Nlgn3+/-, and 
Nlgn3-/- mice 
Differences in open field exploration and habituation could be explained by anxiety within 
the open field arena. The levels of thigmotaxis of Nlgn3+/+ mice from MGH, Nlgn3+/- (H-WT) 
mice, Nlgn3+/- (H-KO) mice, and Nlgn3-/- mice from MGH were assessed. The ratio of the 
distance travelled in the centre/ total distance travelled and the time in the centre was 
analysed, revealing no significant impact of day, group, or interaction of group and day (ratio 
of the distance travelled in the centre/ total distance, figure 4.11.A, repeated measures 
ANOVA. Time in the centre, figure 4.11.B, repeated measures ANOVA, Nlgn3+/+ mice from 
MGH n = 13, Nlgn3+/- (H-WT) mice n = 13, Nlgn3+/- (H-KO) mice n = 14, and Nlgn3-/- mice from 
MGH n = 24). These data demonstrate that there is no difference in thigmotaxis of Nlgn3-/- 
mice from MGH, their Nlgn3+/- (H-KO) littermates, and Nlgn3+/+ mice from MGH, and their 
Nlgn3+/- (H-WT) littermates.  
To assess how the social dominance environment impacts the thigmotaxis of juvenile 
Nlgn3+/+ mice, the thigmotaxis behaviour of Nlgn3+/+ mice from MGH was compared to that 
of Nlgn3+/+ mice from SGH. Nlgn3+/+ mice from SGH but not Nlgn3+/+ mice from MGH showed 
a significant decrease in their ratio of distance travelled in the centre/ total distance travelled 
from day one to day two, and a similar, but not significant, trend is seen in the time in the 
centre (ratio of distance travelled in the centre/ total distance, figure 4.11.C, repeated 
measures ANOVA, day x social dominance environment: P = 0.009, F = 7.9, df = 1, Bonferroni 
corrected pair-wise analysis: day one to day two of Nlgn3+/+ mice from SGH: P = 0.008. Time 
in the centre, figure 4.11.D, repeated measures ANOVA, Nlgn3+/+ mice from MGH n = 13, 
Nlgn3+/+ mice from SGH n = 12). These data show that the social dominance environment 
influences the thigmotaxis behaviour of Nlgn3+/+ mice on day one to day two, possibly 
indicating an influence of social dominance environment on the anxiety of the mice over the 
course of exposure to the open field arena.  
To assess if the social dominance environment or the re-expression of Nlgn3 in Pvalb-
expressing cells of Nlgn3-/- mice influences the thigmotaxis behaviour within the open field 
arena, the thigmotaxis behaviour of Nlgn3-/- mice from MGH, Nlgn3-/- mice from SGH, and 
Nlgn3-/-Pvalbcre/+ mice within the open field arena were assessed. This revealed no impact of 
social dominance environment or re-expression on thigmotaxis of Nlgn3-/- mice (ratio of the 
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distance travelled in the centre/ total distance, figure 4.11.E, repeated measures ANOVA, 
day: P = 0.012, F = 6.8, df =1, Time in centre, figure 4.11.F, repeated measures ANOVA, Nlgn3-
/- mice from MGH n = 24, Nlgn3-/- mice from SGH n = 20, and Nlgn3-/-Pvalbcre/+ n = 10). These 
results indicate that the thigmotaxis of juvenile Nlgn3-/- mice is not impacted by the social 
dominance environment condition and that Nlgn3-/-Pvalbcre/+ mice, unlike juvenile Nlgn3y/-
Pvalbcre/+ mice, have no significant change in their thigmotaxis behaviour.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter four 
119 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. The impact of the social dominance environment on thigmotaxis of juvenile 
Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice in the open field arena. A, the average ratio distance 
in the centre/ total distance, and the standard error of the mean (SE) on day one of Nlgn3+/+ 
mice from MGH, 0.27(SE:0.019), Nlgn3+/- (H-WT) mice, 0.35(SE:0.021), Nlgn3+/- (H-KO) mice, 
0.30(SE:0.017), and Nlgn3-/- mice from MGH, 0.32(SE:0.001). On day two, Nlgn3+/+ mice from 
MGH, 0.28(SE:0.021), Nlgn3+/- (H-WT), 0.29(SE:0.022), Nlgn3+/- (H-KO), 0.29(SE:0.016), and 
Nlgn3-/- mice from MGH, 0.30(0.018). A repeated measures ANOVA revealed no significant 
interactions. B, the average time in the centre (seconds), and the standard error of the mean 
(SE), on day one of Nlgn3+/+ mice from MGH, 225.1(SE:21.2), Nlgn3+/- (H-WT) mice, 
325.9(SE:24.6), Nlgn3+/- (H-KO) mice, 289.0(SE:20.9), and Nlgn3-/- mice from MGH, 
312.7(SE:19.9). On day two, Nlgn3+/+ mice from MGH, 271.4(SE:42.8), Nlgn3+/- (H-WT) mice, 
301.4(SE:37.5), Nlgn3+/- (H-KO) mice, 281.8(SE:18.8), and Nlgn3-/- mice from MGH, 
293.8(24.2). A repeated measures ANOVA revealed no significant interactions.  
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Figure 4.11, continued. C, average ratio distance centre/ total distance travelled and 
standard error of the mean (SE) on day one, of Nlgn3+/+ mice from MGH, 0.26(SE:0.019), and 
Nlgn3+/+ mice from SGH, 0.32(SE:0.019). On day two, for Nlgn3+/+ mice from MGH, 
0.28(SE:0.021), and for Nlgn3+/+ mice from SGH, 0.26(SE:0.017). A repeated measures 
ANOVA revealed a significant interaction of day and social dominance environment (P = 
0.009). The result of the Bonferroni adjusted pair-wise analysis are shown on the figure. D, 
average time in the centre (seconds) and standard error of the mean (SE) on day one, of 
Nlgn3+/+ mice from MGH, 225.1(SE:21.3), and Nlgn3+/+ mice from SGH, 301.0(SE:28.5). On 
day two, for Nlgn3+/+ mice from MGH, 271.5(SE:42.8), and for Nlgn3+/+ mice from SGH, 
246.1(SE:34.1). A repeated measures ANOVA revealed no significant interactions. 
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Figure 4.11, continued. E, the average ratio of distance in the centre/ total distance travelled 
and standard error of the mean (SE) on day one of Nlgn3-/- mice from MGH, 0.32(SE:0.014), 
Nlgn3-/- mice from SGH, 0.28(SE:0.015), and Nlgn3-/-Pvalbcre/+ mice, 0.31(SE:0.014). On day 
two, for Nlgn3-/- mice from MGH, 0.31(SE:0.018), Nlgn3-/- mice from SGH, 0.27(SE:0.014), 
and Nlgn3-/-Pvalbcre/+, 0.26(SE:0.021). A repeated measures ANOVA found a significant 
interaction of day (P = 0.012). F, the average time in the centre (seconds) and standard error 
of the mean (SE) on day one of Nlgn3-/- mice from MGH, 312.7(SE:19.9), Nlgn3-/- mice from 
SGH, 275.9(SE:21.5), and Nlgn3-/-Pvalbcre/+ mice, 248.9(SE:21.3). On day two, for Nlgn3-/- 
mice from MGH, 293.8(SE:24.2), Nlgn3-/- mice from SGH, 257.3(SE:24.0), and Nlgn3-/-
Pvalbcre/+ mice, 235.2(SE:31.8). A repeated measures ANOVA found no significant 
interactions.  
 
E 
F 
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4.3.3.7. The influence of the social dominance environment and Nlgn3 re-expression on 
the elevated plus maze exploration of Nlgn3+/+, Nlgn3+/- and Nlgn3-/- mice 
The elevated plus maze exploration of juvenile female mice was assessed. The time in the 
open arms of Nlgn3-/- mice from MGH and their Nlgn3+/- (H-KO) littermates were compared 
with Nlgn3+/+ mice from MGH and their Nlgn3+/- (H-WT) littermates, revealing that there is no 
significant difference between the groups (figure 4.12.A, Kruskal-Wallis test, Nlgn3-/- mice 
from MGH n = 13, Nlgn3+/- (H-KO) mice n = 7, Nlgn3+/+ mice from MGH n = 10, Nlgn3+/- (H-WT) 
mice n = 9). This shows that juvenile Nlgn3-/- mice and Nlgn3+/- mice do not have significant 
differences in their levels of elevated plus maze exploration compared to their Nlgn3+/- 
littermates, and juvenile Nlgn3+/- mice do not show altered elevated plus maze exploration 
dependent on whether their social environment has Nlgn3-/- mice or Nlgn3+/+ mice present.  
To determine if the social dominance environment of Nlgn3+/+ mice influences their elevated 
plus maze exploration, the time spent in the open arms of the elevated plus maze of Nlgn3+/+ 
mice from MGH was compared to Nlgn3+/+ mice from SGH, revealing no significant difference 
between the groups (figure 4.12.B, independent samples t-test, Nlgn3+/+ mice from MGH n = 
10, Nlgn3+/+ mice from SGH n = 11).  
The elevated plus maze exploration of Nlgn3-/- mice from MGH, Nlgn3-/- mice from SGH 
conditions, and Nlgn3-/-Pvalbcre/+ mice were assessed to determine if the social environment 
and the re-expression of Nlgn3 in Pvalb-expressing cells of Nlgn3-/- mice influences this 
behaviour. No statistically significant difference between the groups was revealed (figure 
4.12.C, Kruskal-Wallis, Nlgn3-/- mice from SGH n = 19, Nlgn3-/- mice from MGH conditions n = 
13, Nlgn3-/-Pvalbcre/+ mice n = 10).  
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Figure 4.12. The impact of the social dominance environment on the time spent by juvenile 
Nlgn3+/+, Nlgn3+/-, and Nlgn3-/- mice in the open arms of the elevated plus maze. A, average 
time spent in the open arms (seconds) and standard error of the mean (SE) of Nlgn3+/+ mice 
from MGH, 97.9 (SE:11.5), Nlgn3+/- (H-WT) mice, 97.8(SE:11.5), Nlgn3+/- (H-KO) mice, 
108.1(SE:9.9), and Nlgn3-/- mice from MGH, 110.8(SE:14.3). A Kruskal-Wallis test revealed 
no significant difference between the groups B, average time spent in the open arms 
(seconds) and standard error of the mean (SE) of Nlgn3+/+ mice from MGH, 97.9(SE:11.5), 
and Nlgn3+/+ mice from SGH, 78.4(SE:8.2). An independent samples t-test revealed no 
significant difference between the groups C, average time spent in the open arms (seconds) 
and standard error of the mean (SE) of Nlgn3-/- mice from MGH, 110.8(SE:14.3), Nlgn3-/- mice 
from SGH, 84.8(SE:8.5), Nlgn3-/-Pvalbcre/+ mice, 82.9, (SE:12.4). A Kruskal-Wallis test revealed 
no significant difference between the groups. 
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4.4. Discussion 
A summary of the influence of MGH compared to SGH on the activity and anxiety-related 
behaviours of male and female mice as adults and juveniles (table 4.1). 
 
 
 
 Adult Male 
in MGH 
Adult Female 
in MGH 
Juvenile Male 
in MGH 
Juvenile 
Female in 
MGH 
Activity 
 
Nlgn3y/+↑ 
Nlgn3y/-       
No change 
Nlgn3+/+↑ 
Nlgn3-/-          
No change 
Nlgn3y/+ 
Day two↑ 
Nlgn3y/- 
Day two↑ 
  Nlgn3+/+ 
Day one↓   
Day two↑ 
Nlgn3-/- 
  No change 
Anxiety 
(thigmotaxis) 
 
Nlgn3y/+ ↓ 
Nlgn3y/-↓ 
     Nlgn3+/+↓ 
        
Nlgn3-/-             
No change 
Nlgn3y/+ 
Change from 
day one to day 
two ↓   
Nlgn3y/-
Change from 
day one to day 
two ↓   
Nlgn3+/+    
Change from 
day one to day 
two ↓   
Nlgn3-/- 
No change 
Anxiety 
(elevated 
plus maze) 
 
No change 
Nlgn3+/+↓ 
Nlgn3-/-↓ 
Nlgn3y/+↓ 
Nlgn3y/-↓ 
Nlgn3+/+          
No change  
Nlgn3-/-           
No change 
 
 
 
 
 
Table 4.1. A summary of the statistically significant impact of MGH on the locomotive and 
anxiety-related behaviours of Nlgn3y/+, Nlgn3y/-, Nlgn3-/-, and Nlgn3+/+ mice. 
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4.4.1. Levels of activity and anxiety are influenced by the social dominance environment 
and Nlgn3 re-expression 
In adult male and female mice, it is observed that Nlgn3y/+ mice and Nlgn3+/+ mice show 
activity that is impacted by their social dominance environment conditions, while adult male 
and female Nlgn3y/- mice and Nlgn3-/- mice show hyperactivity that is not influenced by the 
social dominance environment conditions. The hyperactivity seen in the Nlgn3y/- mice is 
consistent with previous reports (Radyushkin et al 2009, Rothwell et al 2014). Nlgn3y/-
Pvalbcre/+ mice do not show increased activity compared to their Nlgn3y/+Pvalbcre/+ littermates, 
and Nlgn3y/-Pvalbcre/+ mice do not show a significant decrease compared to Nlgn3y/- mice from 
MGH and SGH. Like Nlgn3y/-Pvalbcre/+ mice, Nlgn3-/-Pvalbcre/+ mice also show a non-significant 
trend for decreased activity. Altogether, these results indicate that there is not a sexual 
dimorphism in the control of the influence of social dominance environment, genotype, and 
re-expression the locomotive behaviours of adult mice. Furthermore, these data indicate that 
there is no significant influence of Nlgn3 re-expression within Pvalb-expressing cells on 
locomotive behaviours of mice. Previously it has been demonstrated that mice with selective 
deletion of Nlgn3 within parvalbumin containing neurones have an overall decrease in open 
field locomotion compared to wild-type mice (Rothwell et al 2014). Together, this would 
indicate that Nlgn3 deletion or re-expression within parvalbumin containing cells does not 
simply induce and reduce hyperactivity, and the relationship between this would have to be 
explored futher. 
The characterisation of the activity over two days of the juvenile mice allowed the 
assessment of the initial reaction to the novel environment, and the assessment of how 
following habituation the behaviour changes. It was found that juvenile Nlgn3y/- mice and 
Nlgn3-/- mice were consistently hyperactive. However, on day two it was observed that there 
is an effect of social dominance environment, and re-expression of Nlgn3, with Nlgn3y/- and 
Nlgn3y/+ mice from MGH showing increased activity compared to mice from SGH and 
Pvalbcre/+ mice. Unlike the Nlgn3y/- mice, social dominance environment did not impact the 
activity of juvenile Nlgn3-/- mice, while re-expression led to an overall decrease in the activity 
of Nlgn3-/-Pvalbcre/+ mice, indicating some sexually dimorphic effect of social dominance 
environment and re-expression in juvenile Nlgn3-/- mice. Interestingly, Nlgn3+/+ mice from 
MGH, like Nlgn3y/+ mice from MGH, show an elevated activity on day two compared to SGH 
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conditions, indicating that for wild-type mice the social dominance environment doesn’t 
influence the habituation within the open field arena in a sexually dimorphic manner.  
Adult and juvenile Nlgn3y/- mice were found to spend more time in the open arms of the 
elevated plus maze, and have decreased thigmotaxis, indicating a decreased anxiety. A 
similar result of decreased open field thigmotaxis was observed in adult Nlgn3-/- female mice. 
Furthermore, like Nlgn3y/- mice from MGH, Nlgn3-/- from MGH show increased time in the 
open arms of the elevated plus maze that is influenced by social dominance environment and 
re-expression. Of note is that it has previously been shown that there is no significant 
difference in time spent in the open arms of adult male Nlgn3y/- mice compared to their 
Nlgn3y/+ littermates (Radyushkin et al 2009). Similarly, it was previously reported that adult 
male Nlgn3y/- mice do not show a decrease in their thigmotaxis compared to their littermates 
(Radyushkin et al 2009, Rothwell et al 2014). This could possibly be explained by the protocol 
which was used. In the work presented in this thesis, by adulthood, the mice had already 
been exposed to the open field multiple times during development. Furthermore, handling 
of mice can impact behavioural outcomes, including exploration of the elevated plus maze 
(Hurst and West 2010, Ghosal et al 2015, Gouveia and Hurst 2017, Clarkson et al 2018). All 
mice used in this work were habituated to handling from an early age, and were not held by 
the tail, in order to reduce baseline stress levels for experimental work. Therefore, a lower 
baseline of stress may allow the differences between the genotypes to be observed. 
Finally, both Nlgn3+/+ and Nlgn3y/+ mice when in mixed genotype housing show either 
significantly, or a trend towards, decreased open field thigmotaxis and increased open arms 
exploration. All together, these results from the open field arena and elevated plus maze 
show that mixed genotype housing leads to an apparent decrease in anxiety in both male 
and female wild-type and knockout mice. Taken on face value, this would indicate a 
decreased anxiety. However, this could also be explained by an increased exploration 
behaviour. To explore if this really is a stress response, additional measures such as 
corticosterone levels and body temperature could be utilised (Veening et al 2004).  
Of note is that the result of the open field locomotion of the adult male mice differ to those 
that are seen in Kalbassi et al (2017) where it was observed that Nlgn3y/- mice have activity 
that is impacted by the social dominance environment. Two main differences could explain 
the difference observed. Firstly, all Nlgn3y/- mice from SGH presented in this thesis come from 
Nlgn3-/- dams, whereas in Kalbassi et al (2017) only Nlgn3+/- dams were used to generate SGH 
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breedings. As all Nlgn3y/+Pvalbcre/+ mice and Nlgn3y/-Pvalbcre/+ mice are generated from 
Nlgn3+/- mice, and they show behavioural differences to Nlgn3y/+ mice from MGH and Nlgn3y/- 
mice from MGH, whilst sharing many behavioural phenotypes with Nlgn3y/+ mice from SGH 
and Nlgn3y/- mice from SGH it seems less likely, but not impossible, that the maternal 
genotype could be accounting for this difference. Furthermore, Nlgn3+/- mice have a lack of 
overt phenotype, making it seem unlikely that they are influencing the behaviours of their 
littermates. Another important difference is that for this thesis, all mice have been tested at 
juvenile and adult stages, whereas mice in Kalbassi et al (2017) were only tested when adults. 
As is shown in the juvenile open field locomotive behaviour, previous exposure appears to 
influence the subsequent locomotive activity within the open field arena, and therefore 
exposures during development are a factor to consider.  
4.4.2. Concluding remarks 
The data presented in this chapter demonstrate that the presence of Nlgn3 knockout mice 
within the social dominance environment shapes the activity and anxiety-related behaviours 
of both male and female mice, both in adulthood and as juveniles. The behavioural changes 
from Nlgn3 knockout and the social dominance environment conditions were typically 
consistent between male and female mice, with only a few examples of sexually dimorphic 
response. Furthermore, re-expression of Nlgn3 within Pvalb-expressing cells seems to 
restore many of these behaviours. In females, this was only explored on an individual level in 
the Nlgn3-/-Pvalbcre/+ mice, and in males it was shown to impact both the Nlgn3y/-Pvalbcre/+ 
mice and their Nlgn3y/+Pvalbcre/+ littermates. As shown in the literature discussed in this 
chapter, and in the general introduction, changes in the social dominance environment of 
mice can influence a wide range of phenotypes related to anxiety. Given that it was observed 
that the social behaviours of Nlgn3 knockout mice are disrupted, it seems likely that these 
aberrant social behaviours of the knockout mice led to an abnormal home-cage social 
dominance environment that ultimately led to the shift in the behaviours of the mice within 
the open field arena and elevated plus maze. Altogether, these results show that the mixed 
genotype housing leads to a shift of the mice on the behavioural level. Expanding from this, 
it is important to address how mixed genotype housing impacts other physiological 
parameters of the mice.   
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Chapter 5: The impact of the social dominance environment and 
genotype on the transcriptomes of Nlgn3y/+ and Nlgn3y/- mice 
 
5.1. Introduction 
From chapters three and four, it was observed that mixed genotype housing (MGH) of 
Nlgn3y/- and Nlgn3y/+ mice influences numerous behaviours, including dominance-related 
behaviours and exploratory and anxiety-related behaviours. As discussed previously, 
manipulations of the social environment have been shown to alter the physiology of the 
rodents. In both mice and rats, it has been demonstrated that social defeat, social isolation, 
and the position within the social hierarchy leads to differential expression of mRNAs and 
proteins and alters dopamine signalling within the striatum (Tidey et al 1996, Berton et al 
2006, Krishnan et al 2007, Anstrom et al 2009, Schiavone et al 2009, Cao et al 2010, Nesher 
et al 2015, Kudryavtseva et al 2017).  Experiments in mice and rats have also shown that the 
hippocampus is impacted by manipulations of the early life social environment, social 
instability, and the position within the social hierarchy, leading to altered expression of 
mRNAs and proteins,  as well as altered cellular properties (Roceri et al 2004, Branchi, 
D'andrea, Sietzema, et al 2006, Sterlemann et al 2009, Leasure  et al 2009, Harte et al 2009, 
Benner et al 2014, So et al 2015, Nesher et al 2015, Horii et al 2017).  As the striatum and 
hippocampus are sensitive to the social environment, these studies indicate that the striatum 
and hippocampus are two regions of interest in the exploration of the impact of mixed 
genotype housing on the behaviours of the mice. 
An additional reason to explore the striatum and the hippocampus is that Nlgn3 expression 
within the striatum and hippocampus have been shown to mediate some of the behavioural 
phenotypes of Nlgn3 knockout mice. Nlgn3 expression in the ventral tegmental area (VTA) 
and the nucleus accumbens (NAc) influences social behaviours and motor learning, 
respectively (Rothwell et al 2014, Bariselli et al 2018), and Nlgn3 knockout within the 
hippocampus has been shown to lead to changes in hippocampal dependent learning 
(Polepalli et al 2017). This indicates that these regions are important in the regulation of the 
phenotypes seen in the Nlgn3y/- mice.    
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To investigate how the striatum and the hippocampus are impacted by MGH and single 
genotype housing (SGH), the transcriptome was investigated using RNA sequencing 
(RNAseq). 
 
5.2. Aims and objectives 
• To determine if the transcriptome of the striatum and the hippocampus is impacted 
by MGH or SGH conditions in adult Nlgn3y/+ and Nlgn3y/- mice. 
• To confirm targets of interest using qPCR. 
 
5.3. Results 
5.3.1. Impact of MGH and SGH on the transcriptome  
RNAseq was performed separately on both the hippocampus and striatum of adult male 
Nlgn3y/+ mice from MGH, Nlgn3y/- mice from MGH, Nlgn3y/+ mice from SGH and Nlgn3y/- mice 
from SGH. The social dominance environment conditions are the same as those outlined in 
table 3.1. A principal component analysis was conducted on the data from the RNAseq. Two 
principal components that explain the variance between the groups were identified. For the 
striatum, principal component 1 (PC1) accounts for 55.6% of the variance, and principal 
component 2 (PC2) accounts for 20.7% of the variance (figure 5.1.A, Nlgn3y/+ mice from MGH 
n = 3, Nlgn3y/- mice from MGH n = 3, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice from SGH n 
= 3). For the hippocampus, PC1 accounts for 42.0% of the variance, and PC2 accounts for 
29.9% of the variance (figure 5.1.B, Nlgn3y/+ mice from MGH n = 3, Nlgn3y/- mice from MGH 
n = 3, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice from SGH n = 3).  
For PC1 of both the striatum and the hippocampus, it was observed that there is a significant 
difference between Nlgn3y/+ mice from SGH and Nlgn3y/- mice from SGH, and there is no 
significant difference between Nlgn3y/+ mice from MGH and Nlgn3y/- mice from MGH, 
possibly indicating a convergence of the striatal transcriptome of mice from MGH (Striatum: 
figure 5.1.C, Kruskal-Wallis test P = 0.025, Dunn’s pairwise comparison, Nlgn3y/+ mice from 
SGH and Nlgn3y/- mice from SGH: P = 0.013, Nlgn3y/+ mice from MGH n = 3, Nlgn3y/- mice from 
MGH n = 3, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice from SGH n = 3. Hippocampus: figure 
5.1.D, Kruskal-Wallis P = 0.022, Dunn’s pairwise analysis, Nlgn3y/+ mice from SGH and Nlgn3y/- 
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mice from SGH: P = 0.028, Nlgn3y/+ mice from MGH n = 3, Nlgn3y/- mice from MGH n = 3, 
Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice from SGH n = 3). 
For the PC2 of the striatum, it was observed that there is no significant difference between 
the groups (figure 5.1.E, Kruskal-Wallis test, Nlgn3y/+ mice from MGH n = 3, Nlgn3y/- mice 
from MGH n = 3, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice from SGH n = 3). For the PC2 of 
the hippocampus it was observed that there is a significant difference between Nlgn3y/+ mice 
from MGH and Nlgn3y/- mice from SGH (figure 5.1.F, Kruskal-Wallis test P = 0.033, Dunn’s 
pairwise analysis Nlgn3y/+ mice from MGH and Nlgn3y/- mice from SGH P = 0.019, Nlgn3y/+ 
mice from MGH n = 3, Nlgn3y/- mice from MGH n = 3, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- 
mice from SGH n = 3). 
Together, these data indicate that the largest differences are between Nlgn3y/+ mice from 
SGH and Nlgn3y/- mice from SGH, with few differences between Nlgn3y/+ mice from MGH and 
Nlgn3y/- mice from MGH, suggesting a convergence of the expression of mRNA levels in MGH, 
particulary for PC1. For PC2 for the striatum and the hippocampus, a slight trend is observed 
for divergence of Nlgn3y/+ mice from MGH, indicating that MGH of Nlgn3y/+ mice is impacting 
the transcriptome of the mice in a manner different to the divergence seen along PC1.  
 
 
 
 
 
 
 
 
 
 
 
 
Chapter five 
131 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Principal component analysis of the striatum and hippocampus of mice from 
MGH and SGH conditions. A, PC1 and PC2 of the striatum. B, PC1 and PC2 of the 
hippocampus. C, Kruskal-Wallis analysis of PC1 for the striatum revealed a significant 
difference between the groups (P = 0.025), results of the Dunns pairwise analysis are shown 
on the figure. D, Kruskal-Wallis analysis of PC1 for the hippocampus revealed a significant 
difference between the groups (P = 0.022), results of the Dunns pairwise analysis are shown 
on the figure. E, Kruskal-Wallis analysis of PC2 for the striatum revealed no significant 
difference between the groups. F, Kruskal-Wallis analysis of PC2 for the hippocampus 
revealed a significant difference between the groups (P = 0.033), results of the Dunns 
pairwise analysis are shown on the figure.   
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The principal component analysis looks at dimensions of variance, however, from the analysis 
of the RNAseq data, it is also possible to compare the expression of the different mRNAs 
between groups. From this data, volcano plots were generated comparing the log2 (fold 
change) and the -log10(p-value) of the mRNAs. Of note is that for any comparisons between 
Nlgn3y/+ mice and Nlgn3y/- mice, the point denoting Nlgn3 mRNA is removed due to the high 
log2 (fold change) and high-log10 (p-value), leading to a scale change in the figures, making 
the figures unreadable.  
For the striatum, Nlgn3y/+ mice from SGH when compared to Nlgn3y/+ mice from MGH have 
15 mRNAs that are significantly different in their expression, indicating that social dominance 
environment does influence striatal expression of mRNAs in Nlgn3y/+ mice (figure 5.2.A, 15 
significantly different mRNAs, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/+ mice from MGH n = 3). 
Comparison of Nlgn3y/- mice from MGH and Nlgn3y/- mice from SGH revealed that social 
dominance environment has lesser influence on the number of striatal mRNAs that are 
significantly different in Nlgn3y/- mice (figure 5.2.B, 0 significantly different mRNAs, Nlgn3y/- 
mice from SGH n = 3, Nlgn3y/- mice from MGH n = 3). Furthermore, Nlgn3y/+ mice from SGH 
compared to Nlgn3y/- mice from SGH have 14 mRNAs that are significantly different in their 
expression, a result that is consistent with the result of the principal component analysis 
(figure 5.2.C, 14 significantly different mRNAs, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice 
from SGH n = 3). Also consistent with the results of the principal component analysis is that 
Nlgn3y/+ mice from MGH and Nlgn3y/- mice from MGH have very little variance in the 
expression of their mRNAs, indicating a convergence of the transcriptome (figure 5.2.D, 1 
significant different mRNA, Nlgn3y/+ mice from MGH n = 3, Nlgn3y/- mice from MGH n = 3).  
For the hippocampus, Nlgn3y/+ mice from SGH compared to Nlgn3y/+ mice from MGH have 30 
mRNAs that are differentially expressed, indicating that social dominance environment is 
influencing mRNA expression within the hippocampus of Nlgn3y/+ mice (figure 5.2.E, 30 
significantly different mRNAs, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/+ mice from MGH n = 3). 
Unlike in the striatum, in the hippocampus there are more significantly differentially 
expressed mRNAs of Nlgn3y/- mice from SGH compared to Nlgn3y/- mice from MGH, with 13 
mRNAs being significantly different (figure 5.2.F, 13 significantly different mRNAs, Nlgn3y/- 
mice from SGH n = 3, Nlgn3y/- mice from MGH n = 3). Consistent with the results of the 
principal component analysis is that in the hippocampus, Nlgn3y/+ mice from SGH when 
compared to Nlgn3y/- mice from SGH show many significantly regulated mRNAs (Figure 5.2.G, 
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27 significant different mRNAs, Nlgn3y/+ mice from SGH n = 3, Nlgn3y/- mice from SGH n = 3). 
Finally, the Nlgn3y/+ mice from MGH and Nlgn3y/- mice from MGH show 3 significantly 
different differentially regulated mRNAs in the hippocampus (figure 5.2.H, 3 significantly 
different mRNAs, Nlgn3y/+ mice from MGH n = 3, Nlgn3y/- mice from MGH n = 3). This suggests 
that like the striatum, the hippocampus shows little divergence between Nlgn3y/+ mice from 
MGH and Nlgn3y/- mice from MGH. 
These data demonstrate that on a transcriptional level, Nlgn3y/+ mice from MGH diverge less 
from Nlgn3y/- mice from MGH, than Nlgn3y/+ mice from SGH diverge from Nlgn3y/- mice from 
SGH. This is seen both in the principal component analysis and on the level of the individual 
mRNAs. Per group, there is only an n of 3; with an increased number of mice it would be of 
interest to see if more targets become significant.  
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Figure 5.2. Comparison of the expression of different mRNAs from the RNAseq. Targets in 
red are significantly different, the line at 1.3 indicates –log10(0.05), and all points above this 
are significant.  A, comparison of striatal expression of mRNAs from Nlgn3y/+ mice from MGH 
and SGH. B, comparison of striatal expression of mRNAs from Nlgn3y/- mice from MGH and 
SGH. C, comparison of striatal expression of mRNAs from Nlgn3y/+ mice from SGH and 
Nlgn3y/- mice from SGH. D, comparison of striatal of mRNAs from from Nlgn3y/+ mice from 
MGH and Nlgn3y/- mice from MGH. E, comparison of hippocampal expression of mRNAs from 
Nlgn3y/+ mice from MGH and SGH. F, comparison of hippocampal expression of mRNAs from 
Nlgn3y/- mice from MGH and SGH. G, comparison of hippocampal expression of mRNAs from 
Nlgn3y/+ mice from SGH and Nlgn3y/- mice from SGH. H, comparison of striatal expression of 
mRNAs from Nlgn3y/+ mice from MGH and Nlgn3y/- mice from MGH. 
Striatum 
Hippocampus 
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5.3.2. Quantitative real-time polymerase chain reaction (qPCR) analysis of C3 and C4 mRNA 
levels  
From the results of the RNAseq, it was observed that two of the mRNAs that showed altered 
expression between Nlgn3y/- mice from SGH and Nlgn3y/+ mice from SGH are complement 
component 4 (C4) and compliment component 3 (C3). From the RNAseq, C4 and C3 were 
shown to be increased in the striatum of Nlgn3y/+ mice from SGH relative to Nlgn3y/- mice 
from SGH. Furthermore, a nonsignificant trend for increased striatal levels of both C4 and C3 
were found for Nlgn3y/+ mice from SGH compared to Nlgn3y/+ mice from MGH.  In addition to 
the samples used in the RNAseq, additional samples from independent breedings were also 
included in the analysis to verify and further explore this observation from the RNAseq. In 
the figures, the samples used for the initial RNAseq are represented as circles while the new 
samples are represented as squares.  
qPCR analysis of C4 expression, normalised to 18S ribosomal RNA (18S), within the striatum 
and hippocampus revealed that there are tissue dependent changes, with striatal, but not 
hippocampal, changes in C4 expression. An effect of social dominance environment and 
genotype was observed in the striatum, with mice from SGH and Nlgn3y/+ mice showing 
higher levels of C4 (figure 5.3.A, two-way ANOVA, social dominance environment: P = 0.007, 
F = 8.7, df = 1, Genotype: P = 0.010, F = 7.9, df = 1, Nlgn3y/+ mice from MGH n = 7, Nlgn3y/+ 
mice from SGH n = 7, Nlgn3y/- from MGH n = 7, Nlgn3y/- mice from SGH n = 6). Analysis of the 
C4 expression within the hippocampus led to no significant effect of social dominance 
environment or genotype, and no interaction of social dominance environment and 
genotype (figure 5.3.B, two-way ANOVA, Nlgn3y/+ mice from MGH n = 6, Nlgn3y/+ mice from 
SGH n = 7, Nlgn3y/- from MGH n = 6, Nlgn3y/- mice from SGH n = 6).  These data show that 
changes in C4 levels are tissue specific. For the striatum, with increased mice it may be 
possible that an interaction of social dominance environment and genotype could appear, as 
Nlgn3y/+ mice from SGH appear to have the highest levels of C4, consistent with the increased 
striatal levels of C4 seen in the RNAseq.  
 
 
 
 
Chapter five 
136 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. qPCR determination of C4 mRNA levels of Nlgn3y/+ mice and Nlgn3y/- mice 
from MGH and SGH conditions, circles represent samples used in the RNAseq, squares 
represent additional samples included for the qPCR. Δct C4 relative to Δct 18S.                                   
A, Average C4/18S levels and standard error of the mean (SE) in the striatum of Nlgn3y/+ 
mice from MGH, 3.02e-06(SE:1.53e-07), Nlgn3y/- mice from MGH, 2.56e-06(SE:3.71e-07), 
Nlgn3y/+ mice from SGH, 4.78e-06(5.62e-07), Nlgn3y/- mice from SGH, 3.08e-06(SE:3.40e-
07). A two-way ANOVA revealed a significant impact of social dominance environment (P 
= 0.007) and genotype (P = 0.010). B, Average C4/18S levels and standard error of the 
mean (SE) in the hippocampus, Nlgn3y/+ mice from MGH, 3.17e-06(SE:4.46e-07), Nlgn3y/- 
mice from MGH, 2.46e-06(SE:2.24e-07), Nlgn3y/+ mice from SGH, 3.47e-06(SE:3.53e-07), 
Nlgn3y/- mice from SGH, 3.15e-06(SE:4.02e-07). A two-way ANOVA revealed no significant 
effects.  
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Next, using qPCR analysis, levels of C3, relative to 18S, within the striatum and hippocampus 
were assessed. Analysis of levels of C3 within the striatum revealed a significant effect of 
genotype (figure 5.4.A, two-way ANOVA, Genotype: P = 0.043, F = 4.7, df = 1, Nlgn3y/+ mice 
from MGH n = 6, Nlgn3y/+ mice from SGH n = 5, Nlgn3y/- from MGH n = 6, Nlgn3y/- mice from 
SGH n = 6). The results from the qPCR reflect the difference detected between Nlgn3y/+ mice 
from SGH and Nlgn3y/- mice from SGH by the analysis of the RNAseq data. However, there is 
no interaction of genotype and social dominance environment. The qPCR results also show a 
difference between Nlgn3y/+ mice from MGH and Nlgn3y/- mice from MGH, which is not seen 
in the RNAseq dataset. Within the hippocampus the qPCR results revealed no significant 
differences in the levels of C3 (figure 5.4.A, two-way ANOVA, Nlgn3y/+ mice from MGH n = 6, 
Nlgn3y/+ mice from SGH n = 6, Nlgn3y/- from MGH n = 7, Nlgn3y/- mice from SGH n = 6). This 
corresponds with the lack of difference in C3 levels seen in the RNAseq data set. 
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Figure 5.4. qPCR determination of C3 mRNA levels of Nlgn3y/+ mice and Nlgn3y/- mice from 
MGH and SGH conditions, circles represent samples used in the RNAseq, squares represent 
additional samples included for the qPCR. Δct C3 relative to Δct 18S. A, average C3/18S 
levels and standard error of the mean (SE) in the striatum, Nlgn3y/+ mice from MGH, 4.05e-
06(SE:4.54e-07), Nlgn3y/- mice from MGH, 2.97e-06(SE:4.13e-07), Nlgn3y/+ mice from SGH, 
4.81e-06(8.56e-07), Nlgn3y/- mice from SGH, 3.46e-06(SE:3.89e-07). A two-way ANOVA 
revealed a significant impact of genotype (P = 0.043). B, average C3/18S levels and standard 
error of the mean (SE) in the hippocampus, Nlgn3y/+ mice from MGH, 1.39e-05(SE:4.34e-06), 
Nlgn3y/- mice from MGH, 2.77e-05(SE:5.33e-06), Nlgn3y/+ mice from SGH, 2.36e-05(SE:5.84e-
06), Nlgn3y/- mice from SGH, 2.43e-05(SE:4.93e-06). A two-way ANOVA revealed no 
significant effects.  
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5.4. Discussion 
5.4.1. RNA sequencing 
The principal component analysis revealed that there is a significant impact of social 
dominance environment on the transcription of mRNAs within the hippocampus and the 
striatum. This shows that there is a significant divergence not only on the behavioural level 
but also on the transcriptional level. Nlgn3y/+ mice and Nlgn3y/- mice from MGH show largely 
similar profiles of mRNA expression, consistent with the convergence of some of their 
behaviours. In contrast to this, a larger divergence of Nlgn3y/+ mice and Nlgn3y/- mice from 
SGH was observed.  
Interestingly, Nlgn3y/- mice from SGH and MGH show smaller divergence in the mRNAs than 
Nlgn3y/+ mice from SGH and MGH. This could be seen as being consistent with more adult 
Nlgn3y/+ mouse behaviours being influenced by social dominance environment than Nlgn3y/- 
mouse behaviours. Indeed, adult Nlgn3y/+ mice but not Nlgn3y/- mice show altered activity in 
the open field arena dependent upon social dominance environment, and Nlgn3y/+ mice show 
a larger increase in testosterone levels dependent upon social dominance environment 
conditions (chapters 3 and 4). Furthermore, there are many other behaviours that could be 
changed but were not assessed in the work in this thesis. Another point to consider is that it 
is possible that in different brain regions there would be larger variance in the levels of the 
mRNAs to account for this change. For example, dominance related behaviours change in 
Nlgn3y/- mice from SGH compared to Nlgn3y/- mice from MGH (chapter 3), and the mPFC has 
been shown to be important in these behaviours (Wang et al 2011). Given that both Nlgn3y/+ 
mice and Nlgn3y/- mice show altered dominance behaviours dependent upon social 
dominance environment conditions, it is possible that a similar degree of change between 
the group’s dependent upon social dominance environment condition would be observed in 
the mPFC. Furthermore, the transcription and activity within the mPFC has been shown to 
be influenced by the social environment and the position within the social hierarchy (Caldji 
et al 2000, Covington et al 2005, Wang et al 2011) making it an attractive region to explore 
further. It would be of interest to explore in which other regions have altered transcription 
dependent upon the environment. Identification of the genes that are differentially 
regulated dependent upon the social dominance environment would give insight into which 
genes are sensitive to the social environment and could be an interesting target in the 
exploration of the understanding of social behaviours.  
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In future, more information could be yielded by utilising a method such as gene enrichment 
analysis. This would allow the identification of genes relating to specific phenotypes that are 
over or under enriched dependent upon genotype and social dominance environment 
condition. This could help to better understand the relationship between the mRNAs that are 
up or down regulated, and the change in behaviours seen in the groups. This in combination 
with the sequencing of other brain regions of interest could yield a greater understanding of 
the mechanisms and neuronal networks implicated in the altered behaviour in response to 
the MGH. Regarding the qPCR confirmation of targets of interest, the samples taken from 
the RNAseq were analysed with samples taken from an independent experimental cohort. In 
future, a qPCR analysis of the samples from the RNAseq that does not include any new 
samples could be conducted, to assess how comparable the results of the RNAseq are to the 
results from the qPCR. After this, the question of the potential impact of cohort could then 
be addressed.  
The RNAseq and qPCR identified increased levels of compliment component 3 (C3) mRNA 
and compliment component 4 (C4) mRNA within the striatum of Nlgn3y/+ mice from SGH 
compared to Nlgn3y/- mice from SGH. The results from the RNAseq demonstrated a trend for 
increased C3 and C4 within the striatum of Nlgn3y/+ mice from SGH compared to Nlgn3y/+ 
mice from MGH, which was confirmed for C4 using qPCR. C3 and C4 make up part of the 
compliment system that are important for immune response. Variants of C4 have been 
shown to have a strong risk associated with schizophrenia (Sekar et al 2016). Additionally, 
decreased serum levels of C4 have been seen in those with schizophrenia and decreased 
levels of C4 in the cingulate cortex have been observed in a rat model of schizophrenia (Tao 
et al 2017, Duchatel  et al 2018). Furthermore, C3, like C4, makes up part of the compliment 
system, and, like C4, has also been associated with schizophrenia (Tao et al 2017). 
Additionally, the RNAseq revealed that within the hippocampus, Hspb1 mRNA, encoding heat 
shock protein beta-1, was observed to be decreased in Nlgn3y/+ mice from SGH compared to 
Nlgn3y/+ mice from MGH. Hspb1 has been shown to be dysregulated in brain tissue of those 
with ASD (Ginsberg et al 2012), however, the directionality was unconfirmed in the paper. 
Nonetheless, Hspb1 has also been shown to be increased in the brain tissue of those with 
schizophrenia (Arion et al 2007). Schizophrenia has been associated with social behavioural 
abnormalities, as well as broader behavioural changes. Hspb1 would therefore be an 
interesting target to explore in relation to the change in the behaviour of the Nlgn3y/+ mice 
from the different social dominance environment conditions.   
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Given that schizophrenia impacts social behaviours, these results indicate that Hsbp1, C3 and 
C4 levels could have some role in the social behaviour differences seen in the mice; however, 
this would need much more exploration. Therefore, C3 and C4 could be interesting targets 
to explore further to better understand their relationship with the social dominance 
environment and social behaviour changes. Additionally, models of schizophrenia or ASD that 
influence activity or levels of Hsbp1, C3, or C4, may also have social dominance environment 
conditions compromised by MGH. It would be worth exploring if these targets are impacted 
by other paradigms in which the social environment impacts behaviour, as they could 
potentially serve as a marker when assessing the presence of an effect of MGH in 
experimental groups. 
5.4.2. Conclusions 
The results presented in this chapter demonstrate that social dominance environment and 
genotype leads to a measurable impact on the transcriptome of the mice. The results of the 
principal component analysis revealed that Nlgn3y/+ mice and Nlgn3y/- mice from SGH show 
larger degrees of divergence, while Nlgn3y/+ mice and Nlgn3y/- mice from MGH appear to 
converge more. Furthermore, the results of the RNAseq revealed genes that are influenced 
by genotype and social dominance environment that have been related to schizophrenia in 
humans. Additionally, these genes appear to be differentially impacted in different tissues. 
Future work could expand upon these initial observations by looking at additional brain 
regions, and to seek to better understand the relationship between social dominance 
environment and the regulation of these genes.  
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6.1. Summary of results  
The results in presented in this thesis demonstrate that the presence of mice with Nlgn3 
knockout leads to an influence on the behaviours of their littermates and that their 
littermates influence the Nlgn3 knockout mice. Initially, adult Nlgn3y/- mice were found to be 
socially submissive to their Nlgn3y/+ littermates, and this social submission was reversed in 
Nlgn3y/-Pvalbcre/+ mice. Next, Nlgn3y/- mice and their Nlgn3y/+ littermates in mixed genotype 
housed (MGH) conditions were found to show an overall decrease in their dominance 
behaviours when compared to Nlgn3y/+ mice and Nlgn3y/- mice from single genotype housing 
(SGH) and Nlgn3y/+Pvalbcre/+ mice and their Nlgn3y/-Pvalbcre/+ littermates. Reflecting this is that 
Nlgn3y/- mice and their Nlgn3y/+ littermates in MGH have decreased urinary testosterone 
compared to Nlgn3y/+ mice and Nlgn3y/- mice from SGH and Nlgn3y/+Pvalbcre/+ and                         
Nlgn3y/-Pvalbcre/+ mice. However, while levels of courtship ultrasonic vocalisation (USV) were 
decreased in Nlgn3y/- and Nlgn3y/-Pvalbcre/+ mice compared to Nlgn3y/+ mice, these were not 
affected by tube test dominance. Additionally, the transcriptome of the striatum and 
hippocampus of adult Nlgn3y/+ and Nlgn3y/- mice from MGH and SGH conditions was 
compared, revealing that there appears to be a degree of convergence of Nlgn3y/+ mice and 
Nlgn3y/- mice from MGH, and a divergence of the Nlgn3y/+ mice and Nlgn3y/- mice from SGH. 
Additionally, region specific changes in mRNA levels of ASD-related genes were identified, 
that could be of interest to explore further. These data demonstrate that social environment 
impacts not only the behaviours of mice but also impacts the physiology of the mice.  
Social behaviour changes were also found in adult female and juvenile male and female mice. 
Adult female Nlgn3-/- mice but not Nlgn3+/- mice were found to phenocopy the males.                  
Nlgn3-/- mice from MGH and their Nlgn3+/- (H-KO) littermates were found to have decreased 
sociability, and like in the males, the social phenotype was restored in Nlgn3-/- mice by either 
re-expression of Nlgn3 in Pvalb-expressing cells in Nlgn3-/-Pvalbcre/+ mice, or by being in SGH 
conditions. Juvenile male Nlgn3y/+ and Nlgn3y/- mice show decreased sociability when in MGH 
conditions, which is restored by SGH or re-expression in Nlgn3y/-Pvalbcre/+ mice. For the 
juvenile females, only Nlgn3+/+ mice show decreased sociability when in MGH conditions.  
As well as social behaviour changes, MGH was shown to impact anxiety-related behaviours 
of adult and juvenile and male and female mice. Nlgn3y/- and Nlgn3-/- mice, regardless of 
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social dominance environment showed increased activity and reduced anxiety. Additionally, 
habituation within the open field of Nlgn3y/- mice was decreased in MGH and restored by 
SGH and re-expression. Adult and juvenile Nlgn3y/+ mice from MGH and Nlgn3+/+ mice from 
MGH showed increased activity, reduced juvenile habituation, and reduced anxiety-related 
behaviour compared to mice from SGH or Nlgn3y/+Pvalbcre/+ mice, demonstrating that the 
social dominance environment impacts group behaviours of both male and female wild-type 
mice. Re-expression of Nlgn3 in Pvalb-expressing cells of Nlgn3-/-Pvalbcre/+ mice and Nlgn3y/-
Pvalbcre/+ mice led to altered anxiety-related and habituation behaviours. For the Nlgn3y/-
Pvalbcre/+ mice, these changes were also seen in their Nlgn3y/+Pvalbcre/+ littermates. This 
indicates that the re-expression influences both individual and group behaviours.   
To conclude, the results in this thesis demonstrate that the presence of mice with Nlgn3 
knockout influences the behaviours and physiology of their littermates in both male and 
female, and adult and juvenile mice. Furthermore, the wild-type littermates also influence 
the Nlgn3 knockout mice. Finally, re-expression of Nlgn3 in Pvalb-expressing cells restores 
some of these phenotypes in the knockout mice, and their wild-type littermates. 
6.2. The results presented in this thesis expand on the knowledge of the impact of Nlgn3 
knockout in mice 
Previous studies have demonstrated that adult Nlgn3y/- mice show phenotypes relating to 
autism spectrum disorder (ASD). These include decreased sociability in a three-chamber test 
and decreased social conditioned place preference (Radyushkin et al 2009, Bariselli et al 
2018), decreased courtship USV (Radyushkin et al 2009, Fischer and Hammerschmidt 2011), 
hyperactivity (Radyushkin et al 2009, Rothwell et al 2014) and altered motor learning and 
fear extinction (Baudouin et al 2012, Rothwell et al 2014, Polepalli et al 2017). The results in 
this thesis expand upon these findings by revealing that Nlgn3y/- mice are socially submissive 
to their Nlgn3y/+ littermates, and have altered interest in female mice. Furthermore, previous 
studies did not reveal any change in anxiety measures as assessed by the elevated plus maze 
and thigmotaxis behaviours (Radyushkin et al 2009, Rothwell et al 2014), however, the work 
presented in this thesis did, likely due to altered handling methods leading to decreased 
overall baseline anxiety allowing the differences to be observed. Additionally, juvenile 
Nlgn3y/- mice had not been characterised at all, therefore the finding that Nlgn3y/- mice are 
hyperactive, have decreased sociability, and altered anxiety behaviours are all novel. Further 
to this is that Nlgn3+/- mice had only been phenotyped in one task (Dere et al 2018) and                  
Nlgn3-/- mice had not been phenotyped at all. Therefore, the characterisation of the 
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behavioural phenotypes of Nlgn3+/- and Nlgn3-/- mice both as juveniles and as adults are all 
novel findings. Importantly, the work presented in this thesis demonstrates a novel finding 
that the social dominance environment of Nlgn3 knockout mice and their different genotype 
littermates is a major factor that influences the behaviour and physiology of the mice, and 
that many of these behaviours can be reversed by SGH. Importantly, the effect of social 
dominance environment was seen in male and female, and adult and juvenile mice. 
Furthermore, the work in this thesis characterised the effect of selective Nlgn3 re-expression 
in Pvalb-expressing cells, revealing that individual phenotypes are restored that also led to a 
change in the behaviours of their littermates.  
In summary, the work presented in this thesis identifies new behavioural and physiological 
phenotypes through further a characterisation that also includes juveniles and females, as 
well revealing an effect of MGH. Finally, the effect of re-expression of Nlgn3 in parvalbumin 
containing neurones on individual as well as group behaviours was characterised. 
6.3. The re-expression of Nlgn3 in Pvalb-expressing cells 
Re-expression of Nlgn3 within Pvalb-expressing cells restores social behaviour deficit 
whenever present, as seen by the restored social behaviour of juvenile Nlgn3y/-Pvalbcre/+ mice 
and of adult Nlgn3-/-Pvalbcre/+ mice. This shows that Neuroligin-3 in Pvalb-expressing cells is 
important in the control of the social behaviours, consistent with the knowledge that Pvalb-
expressing cells mediate social behaviour (see section 1.3). Additionally, in adult male mice, 
re-expression of Neuroligin-3 restored the hierarchy and dominance behaviours of the mice. 
Social hierarchy has so far been linked to specific neuronal circuitry, and manipulations of 
the medial prefrontal cortex (mPFC) and hypothalamic ventral premammillary nucleus have 
been shown to lead to long lasting changes to the position within the social hierarchy (Wang 
et al 2011, Zhou et al 2017, Stagkourakis et al 2018). Excitation and inhibition within the mPFC 
influences the position within the social hierarchy, and manipulations of this can either 
increase or decrease the position within that social hierarchy as assessed by the tube test, 
and numbers of courtship USV (Wang et al 2011). It is possible that re-expression of Nlgn3 
within Pvalb-expressing cells could shift this balance of excitation and inhibition within the 
mPFC, allowing the social dominance behaviours of the mice to be restored. However, while 
the work of Wang et al (2011) demonstrated that manipulations of excitation and inhibition 
of the mPFC led to increased USV as well as increased tube test rank, only increased tube test 
rank, but not increased courtship USV, was observed when Nlgn3 was re-expressed, 
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indicating a divergence of the hierarchy behaviours at this level. It is therefore possible that 
this increase in dominance is mediated by different brain regions, which do not influence 
courtship USV, or that USV while being mediated by the mPFC, needs functional Neuroligin-
3 activity in the mPFC or in other neuronal populations and brain regions.  
Furthermore, re-expression of Nlgn3 within Pvalb-expressing cells of Nlgn3y/-Pvalbcre/+ mice 
led to restored social behaviour of their juvenile Nlgn3y/+Pvalbcre/+ littermates, and restored 
dominance behaviours in their adult Nlgn3y/+Pvalbcre/+ littermates. This influenced other 
phenotypes, including adult testosterone levels and thigmotaxis behaviours, and juvenile 
habituation behaviours and thigmotaxis behaviours. This indicates that Nlgn3 expression in 
Pvalb-expressing cells mediates behaviours that influence the group social environment, 
altogether showing that Nlgn3 expression in Pvalb-expressing cells influences both individual 
and group behaviours of mice.  
6.4. Translation of the results to other models and ASD in humans   
6.4.1. Application to other animal models 
Another question that needs addressing is whether the observations are valid in other 
models with a phenotype relating to social dominance. Given that many models of ASD have 
been identified as having phenotypes relating to social dominance (Cheh et al 2006, Jamain 
et al 2008, Spencer et al 2005, Yang et al 2015, Wöhr et al 2011), it is of interest to determine 
how widespread this effect could be. Indeed, as discussed in section 1.2.7, other studies 
looking at animal models with altered dominance behaviours also observe a significant 
impact on the wild-type behaviours of the littermates (Saxena et al 2018, McNamara et al 
2018), and other studies looking at mouse models of ASD or with social deficit also report an 
impact of a shared social environment (Crews et al 2009, Yang et al 2011, Lipina et al 2013, 
Yang et al 2015). This demonstrates that this effect is not specific to Neuroligin-3 deficient 
mice. The fragile X mental retardation 1 (Fmr1) knockout rats were shown have altered 
dominance levels dependent upon their housing conditions (Saxena et al 2018) and, 
interestingly, in Fmr1 knockout mice, levels of Neuroligin-3 have been shown to be 
upregulated (Chmielewska  et al 2018). The Fmr1 knockout rats were shown to be submissive 
compared to their wild-type littermates (Saxena et al 2018) and, similarly, in a study looking 
at the tube test behaviours of mice, Fmr1 knockout mice have decreased tube test victories 
compared to their wild-type littermates (Spencer et al 2005). However, if decreased 
Neuroligin-3 is associated with submissive behaviour, then increased Neuroligin-3 may be 
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associated with dominant behaviour. While increased dominance of Fmr1 knockout mice has 
been observed in one study (de Esch et al 2015), this is in direct contrast to submissive 
phenotypes of Fmr1 knockout animals in the aforementioned works (Spencer et al 2005, 
Saxena et al 2018). Much more work is needed to determine if Neuroligin-3 may be mediating 
the dominance phenotype of these other models, and then to determine the relationship of 
this.  
Furthermore, as discussed previously, Nlgn3 knockout mice show pathology that is shared 
with other models of ASD, including aberrant synaptic properties and mGluR dysfunction 
(section 1.1.2), and phenotypes that are mediated by Pvalb-expressing cells (section 1.1.3, 
section 1.1.4, chapter 3, and chapter 4). It is possible that other models that share these core 
pathological features may share a phenotype in which they influence the behaviours of their 
littermates. Additionally, shared biological pathways may also indicate other factors that 
could lead to similar phenotypes as is seen in Nlgn3 knockout mice. Neuroligin-3 has been 
shown to interact with neurexins, and FMRP has been shown to control levels of Nlgn3 mRNA 
and levels of Neuroligin-3 protein (Ichtchenko et al 1996, Chmielewska et al 2018). As 
Neuroligin-3 is known to interact with ASD-related proteins, it is possible that they share 
similar modes of pathophysiology.  
Furthermore, in addition to the previously known interactions, preliminary work conducted 
in addition to the main finding of this thesis has identified novel interactions of Neuroligin-3 
and other ASD-related proteins within the synaptosome (figure 6.1, and figure A1.2 for 
additional characterisation of the synaptosome, and validations of the MeCP2 antibody). The 
synaptosome extraction is used to extract functional presynaptic and postsynaptic terminals 
that contain other elements of the synapse including vesicles and mitochondria (Hebb and 
Whittaker 1958, Gray and Whittaker et al 1962, Nagy et al, 1976, Lu et al 1998, Phillips et al 
2001, Grady et al 2002,). Within the synaptosomes, Neuroligin-3 was shown to interact with 
cytoplasmic FMRP interacting protein 1 (CYFIP1), Wiskott-Aldrich syndrome protein family 
verprolin homologous protein 1 (WAVE1), and non-catalytic region of tyrosine kinase adaptor 
protein associated protein 1 (NCKAP1). Together CYFIP1, WAVE1, and NCKAP1 form part of 
the WAVE regulatory complex (WRC), which functions to regulate the actin cytoskeleton, and 
dysregulation of the WRC has been associated with ASD (reviewed in: Campellone  et al 2010, 
Waltes et al 2014, Wang et al 2015, Wang et al 2016). Furthermore, Neuroligin-3 was shown 
to interact with methyl-CpG-binding protein 2 (MeCP2), which is associated with Rett 
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syndrome (Amir et al 1999). These interactions of Neuroligin-3 with other ASD-related 
proteins indicates that they could share common pathways of pathophysiology, or that levels 
of Neuroligin-3 could be dysregulated in models involving these interacting proteins. This 
could indicate models with dysregulation of any of these associated genes could recapitulate 
some of the phenotypes seen in Nlgn3 knockout mice, including the impact of MGH.  
It is of importance to continue to explore the impact of MGH in other models, as rethinking 
how the social environment influences the behaviours and physiology of experimental 
animals could be an important step in the optimisation of research of disorders effecting 
behaviour. Given the difficulty in developing effective therapeutic interventions for ASD, as 
well as other neurodevelopmental, neuropsychiatric and mood disorders, taking into account 
any potential impact of social dominance environment on the phenotypes of the mice could 
improve the efficiency and output of this area of research by ensuring that the experimental 
groups are optimal.  
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Figure 6.1. Interaction of Neuroligin-3 with ASD-related proteins. Coimmunoprecipitation 
of Neuroligin-3 with ASD-related proteins in synaptosome preparation of the cortex (Cx), 
striatum (Str) and cerebellum (Cb) of wild-type mice.  
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6.4.2. Application to the human condition 
Siblings of those with ASD not only have increased risk of ASD, but also show abnormal social 
behaviours, anxiety, and emotional reactivity (Yirmiya et al 2006, Toth et al 2007, Shivers et 
al 2018). Given the shared genetics, it is likely that these represent endophenotypes. 
However, some evidence suggests that social support can alleviate to some degree these 
behaviours in the siblings of those with ASD (Hastings 2003), indicating that the social 
environment could influence some of these behaviours. Furthermore, children with ASD who 
have older siblings without ASD show better outcomes than those with ASD that do not have 
older siblings without ASD (Ben-Itzchak, Zukerman, and Zachor 2016, Ben-Itzchak, Nachshon, 
and Zachor 2018). These studies indicate that the social environment of children with ASD 
and their siblings can influence their behavioural outcomes. Whilst the social environment of 
lab mice is far removed from that of humans, it appears that the impact of MGH of Nlgn3 
knockout in mice may be recapitulating what could be seen in the human condition. Through 
the study of MGH, it may be possible to further identify brain regions that mediate this 
influence of social environment, which could possibly have some utility in understanding the 
effect seen in humans.  
6.5. Phenotypes of female Nlgn3 knockout mice and wild-type mice   
6.5.1. Minimal influence of sex on the impact of social environment and re-expression of 
Nlgn3  
Several factors could lead to sexual dimorphism in behaviours of female mice. Female mouse 
models of ASD do not necessarily phenocopy the male mice (see section 1.1.6), and in some 
cases, the social environment has been shown to impact male and female mice and rats 
differently (see section 1.2.3) possibly due to different manifestations of social hierarchy or 
social inequality (see section 1.2.4). Finally, there is some evidence to suggest that there may 
be a sexual dimorphism in the control of behaviours by Pvalb-expressing cells (see sections 
1.3.2 and 1.3.3).     
Firstly, adult Nlgn3-/- mice from MGH show hyperactivity, decreased social interest, and 
decreased thigmotaxis, reflecting what is seen in the Nlgn3y/- mice from MGH. Adult Nlgn3-/- 
mice, unlike Nlgn3y/- mice, do not show increased open arm exploration of the elevated plus 
maze relative to their littermates. Furthermore, juvenile Nlgn3-/- mice do not show a social 
deficit, perhaps indicating that these phenotypes emerge later in development for Nlgn3-/- 
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mice. Nonetheless, despite a small amount of divergence, these data show that Nlgn3-/- mice 
largely phenocopy Nlgn3y/- mice. 
Secondly, the influence of the social dominance environment of the female mice largely did 
not differ in its impact on behaviours compared to that in males. Adult Nlgn3-/- mice were 
shown to influence the social behaviours of their Nlgn3+/- (H-KO) littermates, reflecting the 
observation that Nlgn3y/- mice from MGH influence the social behaviours of their Nlgn3y/+ 
littermates. Unlike the juvenile Nlgn3y/- mice, juvenile Nlgn3-/- mice do not show an impact of 
the MGH, as they do not have altered behaviours relative to Nlgn3-/- mice from SGH, and 
juvenile Nlgn3+/- mice do not show a difference in their social behaviour dependent upon 
whether they are housed with Nlgn3+/+ mice or Nlgn3-/- mice. These effects may be due to 
juvenile Nlgn3-/- mice not showing a social phenotype. However, Nlgn3+/+ mice, like Nlgn3y/+ 
mice, show altered behaviours dependent upon being in MGH conditions or SGH conditions, 
indicating that sex of the wild-types also does not lead to dimorphism of response to the 
MGH. Nonetheless, the female mice do not always show the same influence of environment 
on the same behavioural measures, indicating that some degree a dimorphism exists. In the 
males, the influence of the social dominance environment could be attributed to a disruption 
of the within cage hierarchy. As discussed in the literature review (section 1.2.4), the females 
may have a social hierarchy, despite having decreased home cage aggression between peers 
compared to the levels of home cage aggression reported in males. In this thesis the 
dominance behaviours of female mice were not explored due to preliminary experiments 
utilising the tube test being unsuccessful, due to a lack of completion of the task by the 
females. In future experiments, dominance and hierarchy of the female cages could be 
determined by using a method such as that by Schuhr et at (1987), in which home cage 
interactions that are associated with dominance in females could be correlated with 
hormone levels. This would yield more information on if whether Nlgn3-/- mice have 
abnormal behaviours associated with female dominance.   
Finally, re-expression of Nlgn3 within Pvalb-expressing cells restores the social behaviours of 
adult Nlgn3-/-Pvalbcre/+ mice, reflecting the restored dominance of Nlgn3y/-Pvalbcre/+ mice and 
the restored social behaviours of juvenile Nlgn3y/-Pvalbcre/+ mice. Some small differences can 
be seen in the impact of re-expression on the exploratory behaviours and anxiety-related 
behaviours of Nlgn3-/-Pvalbcre/+ and Nlgn3y/-Pvalbcre/+ mice, and often this is due to a lack of a 
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significance despite a trend, however with some exceptions, the data mostly shows the same 
directionality as in the males.  
Altogether, these data indicate that sex does not largely influence the phenotypes of the 
mice. Nlgn3-/- mice show behavioural phenotypes that frequently mirror Nlgn3y/- mice, the 
impact of social dominance environment is seen on all genotypes of female mice, and re-
expression of Nlgn3 restores many phenotypes in Nlgn3-/-Pvalbcre/+ mice. However, some 
small differences are seen in the emergence of the phenotypes of Nlgn3-/- mice, and while 
the social dominance environment and re-expression influences the behaviours of the female 
mice, there are some sex differences dependent upon the task.  
6.5.2. X-inactivation of Neuroligin-3 and the phenotypes of Nlgn3+/- mice 
When an organism has two X chromosomes, one of them is subjected to X-inactivation, 
whereby the gene expression of one of the chromosomes is silenced, with only few genes 
escaping the X-inactivation (Carrel and Willard 2005). As one X chromosome has genes 
expressed, while the other X chromosome does not, this leads to mosaicism of the genetic 
expression. Nlgn3 is an X-linked gene, which has been shown to be subjected to X-
inactivation (figure 6.2). Due to the X-inactivated nature of Nlgn3, in Nlgn3+/- mice there is a 
mosaicism of expression of Neuroligin-3 in the different neuronal populations, with some 
neurones expressing Neuroligin-3, and others not expressing Neuroligin-3. Mosaicism of 
expression of Neuroligin-3 could lead to neuronal competition, a phenomenon in which 
homogeneous populations of wild-type or knockout neurones show no phenotype, while 
mixed populations do. Neuronal competition has been demonstrated in neuronal 
populations either homogeneous for Neuroligin-1 being present, homogeneous for 
Neuroligin-1 deficit, or in mixed populations of neurones both expressing Neuroligin-1 and 
not expressing Neuroligin-1. Only the mixed populations of neurones either expressing or not 
expressing Neuroligin-1 showed synaptic phenotypes (Kwon et al 2012). Therefore, it is 
possible that in Nlgn3+/- mice, the mixed population of neurones that are expressing 
Neuroligin-3 with neurones that do not express Neuroligin-3 could lead to a phenotype that 
is distinguishable from Nlgn3+/+ mice and Nlgn3-/- mice. However, Nlgn3+/- (H-WT) mice did 
not show a behavioural divergence from their Nlgn3+/+ littermates. This would indicate that 
despite the Nlgn3+/- mice having only half the Neuroligin-3 expression, there may be synaptic 
compensation from the synapses expressing Neuroligin-3 that prevents an observable 
phenotype. 
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Figure 6.2. X-inactivation of Nlgn3. A, Nlgn3+/- mice expressing Pcp2-tta, which encodes 
a tetracycline-controlled transactivator (tta) expressed in purkinje cells only. As the 
STOP-TetO contruct includes a tetracycline operator (TetO), this leads to over expression 
of Neuroligin-3, as seen in the figure. In Nlgn3+/- mice, a pattern of mosiac expression of 
Neuroligin-3 is seen, consistent with Nlgn3 being subjected to X-inactivation. This 
experiment was conducted by Dr Baudouin. B, western blot of cerebellum lystate taken 
from Nlgn3+/+ mice and Nlgn3+/- mice. Relative to Nlgn3+/+ mice, Nlgn3+/- mice show 
approximatly a 50% reduction in Neuroligin-3 levels, consistent with Nlgn3 being 
subjected to X-inactivation. 
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6.6. The social dominance environment shapes behaviour  
6.6.1. The impact of MGH is consistent with the results of a manipulated social environment 
MGH was shown to impact a variety of behaviours, and some of these are consistent with 
previous reports of environmental manipulations on the behaviours of mice. Early life 
maternal deprivation has been shown to lead to decreased social dominance in adulthood, 
while early life social enrichment has been shown to lead to increased dominance, more 
rapid hierarchy formation, and increased behaviours related to dominance in adulthood 
(Pietropaolo et al 2004, Branchi, D’Andrea, Fiore et al 2006, D’Andrea et al 2007, Benner et 
al 2014). This is consistent with Nlgn3y/+ and Nlgn3y/- mice from MGH showing decreased 
dominance, indicating that hierarchy is malleable and a product of social experiences. 
Furthermore, social isolation in adult male mice leads to increased social interest (Naert et al 
2011) and early life social manipulations in female mice and rats leads to increased direct 
social interaction as adults (Bondar et al 2018, Farrell et al 2016) and decreased aggression 
during lactation (Veenema et al 2007), demonstrating that the social environment can shape 
the social behaviours of mice. Adult Nlgn3-/- mice from MGH and their Nlgn3+/- (H-KO) 
littermates show reduced social interaction, and further exploration would be needed to 
understand what is leading to the reduced social interaction of the Nlgn3-/- mice from MGH 
and their Nlgn3+/- (H-KO) littermates. 
From the results presented in chapter three, it was observed that juvenile Nlgn3y/+ mice, 
Nlgn3y/- mice, and Nlgn3+/+ mice from MGH show altered habituation within the open field 
over two days. This increased activity of the juvenile mice from MGH within the open field 
arena on day two could be representative of altered processing of the spatial environment, 
leading to increased exploratory behaviours. Learning and memory have been shown to be 
impacted by levels of maternal care and social isolation (Rice et al 2008, Ibi et al 2008, Benner 
et al 2014), indicating that the social environment could be influencing the ability of the mice 
to retain spatial information about the open field arena. The hippocampus is important in 
the encoding of spatial information, and mice from MGH have altered transcriptomes of the 
hippocampus, indicating that hippocampal dependent processing of spatial information 
could be impacted by MGH.  
Furthermore, manipulations of maternal care, communal nesting, and social environment 
have been shown to lead to changes in the locomotive activity of mice and rats (Palanza et 
al 2001, Schiavone et al 2009, George et al 2010, Ashby et al 2010, Naert et al 2011, Schiavone 
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et al 2012), indicating that aberrant locomotion could be commonly seen when the social 
environment could be a variable influencing behaviour. Indeed, in one of these studies, 
anxiety levels were also found to be altered, with the early life separated mice showing 
increased locomotion as well as increased time in the centre of the open arena (George et al 
2010). Consistent with this is that elevated plus maze exploration has been shown to be 
impacted by the social environment (Romeo et al 2003, Weiss et al 2004, Schmidt et al 2007, 
Sterlemann et al 2008, Schmidt et al 2010, Larrieu et al 2017, Bondar et al 2018). A similar 
trend is also observed in the data presented in this thesis; the social environment impacts 
the anxiety-related behaviours, with both MGH and knockout of Nlgn3 being associated with 
decreased thigmotaxis and increased open arm exploration of the elevated plus maze. These 
data suggest that the altered locomotive activity and anxiety-related phenotypes are 
consistent with previous observations of the impact of the social environment.     
Furthermore, the results from the RNAseq are consistent with the social environment having 
a measurable effect on the expression of mRNAs within the brain (Schmidt et al 2007 
Sterlemann et al 2008, So et al 2015, Nesher et al 2015, Horii et al 2017). These results further 
demonstrate that MGH, like the position within the social hierarchy and the manifestation of 
the social environment, can impact mRNA expression within the brain.  
6.6.2. Mechanisms of transfer of social behaviours  
The results presented in this thesis demonstrate that MGH leads to changes in behaviours of 
the mice relative to SGH mice and mice with Nlgn3 re-expression in Pvalb-expressing cells. 
This might be explained by aberrant home cage social interactions. As discussed extensively 
in section 1.2, the deprivation, enrichment, or instability of the social environment, as well 
as position within the social hierarchy, leads to altered behaviours and physiology, 
demonstrating the interaction between peers is key in shaping these factors. Given that MGH 
impacts the social behaviours of male and female wild-type and Nlgn3 knockout mice, it is 
likely that abnormal home cage interactions could be leading to the altered behaviours and 
physiology reported in this work, this may be especially true as the male, and possibly female, 
mice have hierarchies that are disrupted by the presence of Nlgn3 knockout mice. This is 
consistent with the reports of other animal models of ASD, and models with social or 
dominance-related deficits in their behaviours impacting their littermates (see section 1.2.7). 
However, without scoring the home cage interactions, it is not possible to say that the home 
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cage interactions of mice from MGH conditions are actually different to those from SGH 
conditions.  
Alternative explanations may also explain in this shift in group behaviour. The gut 
microbiome has been shown to shape behaviour and physiology of both mice and humans. 
Individual species of bacteria have been shown to exert different behavioural outcomes in 
mice, for example some species of bacteria have been shown to lead to altered stress 
response and altered levels of brain derived neurotrophic factor and N-methyl-D-aspartate 
receptor subunit composition, while germ-free mice have altered postsynaptic density-95, 
synaptophysin, and monoamine levels (Sudo et al 2004, Heijtz et al 2011). Additionally, the 
gut biome has been shown to mediate behaviours relevant to the changes reported in this 
thesis; germfree mice have alterations in their open field activity and anxiety as measured by 
the elevated plus maze (Heijtz et al 2011). As the mice reported in this thesis spend their lives 
housed with each other, and the ingestion of faecal matter is common in mice, it is possible 
that there may be a transfer of this bacteria that may lead to alterations of the behaviours of 
all mice within the social environment. Such an effect has been observed in experiments in 
which BALB/c mice and NIH Swiss mice, which have distinct microbiomes, had an exchange 
of gut microbiome. Initially, the two strains were raised in germ free conditions before the 
gut biome of the other strain was introduced into them. Following this, the mice then showed 
the behavioural profile of the strain of mice for which the bacteria came from (Bercik  et al 
2011).  This notion of potential alterations of gut biome in the Nlgn3 mice is further 
supported by evidence from people with ASD. People with ASD have alterations in the 
populations their gut biome (Parracho et al 2005, Krajmalnik-Brown et al 2015). Interestingly 
this change in gut biome has also been found in a maternal valproic acid exposure as a model 
of ASD, and in a Shank3 knockout model of ASD (de Theije et al 2014, Tabouy et al 2018). 
Analysis of the gut biome could be of interest, to observe if there is a potential influence of 
the gut microbiome of the behaviours of the mice. This could be followed by the rearing in 
germ-free conditions, to determine if the microbiome is indeed a vector for the social 
behaviours.  
Similarly, olfactory cues play a large part in the communication of social information in mice. 
Mice have been shown to release alarm pheromones and anxiogenic pheromones, which 
leads to behavioural changes such as aversion, decreased locomotion, enhanced or impaired 
fear acquisition and extinction of fear, and altered perception of pain (Rottman and 
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Snowdown 1972, Lapin 1990, Bredy and Barad 2009). Interestingly, the social environment 
has been shown to impact the olfactory receptors in the vomeronasal organ, main olfactory 
epithelium, and olfactory bulb of both male and female mice. Mice that were housed in 
same-sex or combined-sex housing showed significantly altered receptor composition due to 
exposure or lack of exposure to pheromones related to the opposite sex (Linden et al 2018) 
therefore olfactory reception could be altered. Additionally, in drosophila melanogaster, it 
has been shown that the social environment can influence pheromone production (Kent et 
al 2008, Krupp et al 2008). It is therefore possible that if Nlgn3 knockout mice are emitting 
different pheromones this could alter the olfactory response of their littermates leading to 
behavioural consequence, or that the pheromones being emitted by the group are changed 
as a consequence of MGH. This is supported by Nlgn3y/+ and Nlgn3y/- mice from MGH having 
different interest in social odours compared to Nlgn3y/+ and Nlgn3y/- mice from SGH and 
Nlgn3y/+Pvalbcre/+ and Nlgn3y/-Pvalbcre/+ mice (Kalbassi et al 2017). It is therefore possible that 
altered olfactory cues could be having a role in the influence of behaviours of the mice from 
MGH.  
It would be worthwhile to determine if abnormal home cage interactions, or another cause, 
are leading to the shift in behaviours of the mice in the MGH conditions. Understanding the 
cause would give a better understanding of how the group social behaviour of mice 
manifests, for example, if the home cage social interactions are abnormal, this could be a 
useful tool in the assessment of social phenotypes of mouse models of ASD. If another cause, 
such a bacteria, was identified, this could provide invaluable information in understanding 
the link between the gut microbiome and social behaviours.  
6.6.3. Nlgn3 knockout mice could influence long-term group fitness 
Indirect genetic effects are a way of assessing how individual genotypes within a population 
influence the phenotypes of other within that population. In this thesis, it was observed that 
mice lacking Nlgn3 impact the phenotypes of their littermates. This led to altered dominance, 
social, locomotive, and anxiety-related behaviours, and, additionally, both hormonal status 
and the transcriptomes of mice in MGH were shown to be altered. Therefore, behaviourally 
and physiologically, mice in MGH may have altered group fitness.  
The consequence of altered group fitness could be investigated in transgenerational and 
complex social housing experiments. In the original ‘mouse utopia’ experiments, it was 
observed that there was an increase in the number of autistic-like mice, that may have 
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disrupted the population of mice leading to collapse of the social structures via rejection of 
normal social behaviours (social interaction, territory defence, courtship, maternal 
behaviours), leading to the demise of the population (Calhoun 1973). It has been speculated 
that the demise of mouse utopia may have been mediated via deleterious indirect genetic 
effects from the autistic-like mice (Woodley of Menie et al 2017).  
In complex social environments, mice split into groups and claim their own territories, and 
levels of territorial protection and patrol behaviours naturally vary in the mice and are 
influenced by hierarchy behaviours (Crowcroft and Rowe 1963). Utilising a transgenerational 
and complex social housing experiment that includes either wild-type mice, or wild-type mice 
with Nlgn3 knockout mice, the long-term impact of Nlgn3 knockout mice on the group could 
be better assessed. Given the decrease in competitive behaviours of Nlgn3y/- mice and their 
Nlgn3y/+ littermates, it would be of interest to explore if MGH groups would fail to split up 
into smaller groups, and, if they didn’t, it would be of interest to explore how the mice would 
adapt to these larger, less competitive groups. However, it is also possible that instead of 
compromising the entire groups’ fitness, there would be selection pressure against the mice 
with Nlgn3 deletion, leading to the removal of the number of mice with Nlgn3 knockout and 
restoring the group fitness.  
6.7. Concluding remarks  
The results presented in this thesis demonstrate that male and female mice lacking 
Neuroligin-3 influence the social and anxiety-related behaviours of their different genotype 
littermates and that this effect is bi-directional as the different genotype littermates 
influence the social and anxiety-related behaviours of Neuroligin-3 knockout mice. Nlgn3 re-
expression within Pvalb-expressing cells was shown to mediate the effect of Nlgn3 on both 
an individual and group level. These results are of importance as this gives a better 
understanding of the role of Neuroligin-3, and of Neuroligin-3 expression in Pvalb-expressing 
cells, in the control of individual and group social behaviours, and further highlights the social 
environment as an important variable for studies of animal models of ASD. Additionally, the 
data from the RNA sequencing revealed that the transcriptomes reflect the influence of 
MGH, as well as identifying brain regions and targets that could be of interest in exploring 
this effect further. Altogether, these results expand the literature that animals with social 
phenotypes can shift the behaviours and physiology of their different genotype littermates. 
This is of importance as greater understanding of the social environment could optimise 
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preclinical models, improving research into animal models of neurodevelopmental, 
neuropsychiatric and mood disorders.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   References 
159 
 
References 
American Psychiatric Association, 2013. Diagnostic and statistical manual of mental disorders 
(DSM-5®). American Psychiatric Publishing. 
 
Amir, R.E., Van den Veyver, I.B., Wan, M., Tran, C.Q., Francke, U. and Zoghbi, H.Y., 1999. Rett 
syndrome is caused by mutations in X-linked MECP2, encoding methyl-CpG-binding protein 
2. Nature genetics, 23(2), p.185. 
 
Angelakos, C.C., Watson, A.J., O'Brien, W.T., Krainock, K.S., Nickl‐Jockschat, T. and Abel, T., 
2017. Hyperactivity and male‐specific sleep deficits in the 16p11. 2 deletion mouse model of 
autism. Autism Research, 10(4), pp.572-584 
 
Anstrom, K.K., Miczek, K.A. and Budygin, E.A., 2009. Increased phasic dopamine signaling in 
the mesolimbic pathway during social defeat in rats. Neuroscience, 161(1), pp.3-12. 
 
Arai, R.Y.O.H.A.C.H.I., Jacobowitz, D.M. and Deura, S., 1994. Distribution of calretinin, 
calbindin-D28k, and parvalbumin in the rat thalamus. Brain research bulletin, 33(5), pp.595-
614 
 
Arion, D., Unger, T., Lewis, D.A., Levitt, P. and Mirnics, K., 2007. Molecular evidence for 
increased expression of genes related to immune and chaperone function in the prefrontal 
cortex in schizophrenia. Biological psychiatry, 62(7), pp.711-721. 
 
Ashbrook, D.G., Sharmin, N. and Hager, R., 2017. Offspring genes indirectly influence sibling 
and maternal behavioural strategies over resource share. Proceedings of the Royal Society B: 
Biological Sciences, 284(1863), p.20171059 
 
Ashby, D.M., Habib, D., Dringenberg, H.C., Reynolds, J.N. and Beninger, R.J., 2010. Subchronic 
MK-801 treatment and post-weaning social isolation in rats: differential effects on locomotor 
activity and hippocampal long-term potentiation. Behavioural brain research, 212(1), pp.64-
70. 
Atladóttir, H.Ó., Thorsen, P., Østergaard, L., Schendel, D.E., Lemcke, S., Abdallah, M. and 
Parner, E.T., 2010. Maternal infection requiring hospitalization during pregnancy and autism 
spectrum disorders. Journal of autism and developmental disorders, 40(12), pp.1423-1430. 
 
Auerbach, B.D., Osterweil, E.K. and Bear, M.F., 2011. Mutations causing syndromic autism 
define an axis of synaptic pathophysiology. Nature, 480(7375), p.63 
 
Baird, G., Simonoff, E., Pickles, A., Chandler, S., Loucas, T., Meldrum, D. and Charman, T., 
2006. Prevalence of disorders of the autism spectrum in a population cohort of children in 
South Thames: the Special Needs and Autism Project (SNAP). The lancet, 368(9531), pp.210-
215. 
Balemans, M.C., Huibers, M.M., Eikelenboom, N.W., Kuipers, A.J., van Summeren, R.C., 
Pijpers, M.M., Tachibana, M., Shinkai, Y., van Bokhoven, H. and Van der Zee, C.E., 2010. 
Reduced exploration, increased anxiety, and altered social behavior: Autistic-like features of 
   References 
160 
 
euchromatin histone methyltransferase 1 heterozygous knockout mice. Behavioural brain 
research, 208(1), pp.47-55. 
Bariselli, S., Hörnberg, H., Prévost-Solié, C., Musardo, S., Hatstatt-Burklé, L., Scheiffele, P. and 
Bellone, C., 2018. Role of VTA dopamine neurons and neuroligin 3 in sociability traits related 
to nonfamiliar conspecific interaction. Nature communications, 9(1), p.3173 
 
Bariselli, S., Tzanoulinou, S., Glangetas, C., Prévost-Solié, C., Pucci, L., Viguié, J., Bezzi, P., 
O'Connor, E.C., Georges, F., Lüscher, C. and Bellone, C., 2016. SHANK3 controls maturation 
of social reward circuits in the VTA. Nature neuroscience, 19(7), p.926. 
Barnes, S.A., Pinto-Duarte, A., Kappe, A., Zembrzycki, A., Metzler, A., Mukamel, E.A., Lucero, 
J., Wang, X., Sejnowski, T.J., Markou, A. and Behrens, M.M., 2015. Disruption of mGluR5 in 
parvalbumin-positive interneurons induces core features of neurodevelopmental 
disorders. Molecular psychiatry, 20(10), pp.1161-1172. 
Baron-Cohen, S., 2002. The extreme male brain theory of autism. Trends in cognitive 
sciences, 6(6), pp.248-254 
 
Baron-Cohen, S., Lombardo, M.V., Auyeung, B., Ashwin, E., Chakrabarti, B. and Knickmeyer, 
R., 2011. Why are autism spectrum conditions more prevalent in males?. PLoS biology, 9(6), 
p.e1001081 
 
Baud, A., Mulligan, M.K., Casale, F.P., Ingels, J.F., Bohl, C.J., Callebert, J., Launay, J.M., Krohn, 
J., Legarra, A., Williams, R.W. and Stegle, O., 2017. Genetic variation in the social environment 
contributes to health and disease. PLoS genetics, 13(1), p.e1006498. 
 
Baudouin, S.J., Gaudias, J., Gerharz, S., Hatstatt, L., Zhou, K., Punnakkal, P., Tanaka, K.F., 
Spooren, W., Hen, R., De Zeeuw, C.I. and Vogt, K., 2012. Shared synaptic pathophysiology in 
syndromic and nonsyndromic rodent models of autism. Science, 338(6103), pp.128-132. 
 
Belichenko, P.V., Oldfors, A., Hagberg, B. and Dahlström, A., 1994. Rett syndrome: 3-D 
confocal microscopy of cortical pyramidal dendrites and afferents. Neuroreport: An 
International Journal for the Rapid Communication of Research in Neuroscience. 
 
Bell, W.J. and Gorton, R.E., 1978. Informational analysis of agonistic behaviour and 
dominance hierarchy formation in a cockroach, Nauphoeta cinerea. Behaviour, 67(3), 
pp.217-235 
 
Ben-Itzchak, E., Nachshon, N. and Zachor, D.A., 2018. Having Siblings is Associated with Better 
Social Functioning in Autism Spectrum Disorder. Journal of abnormal child psychology, pp.1-
11 
Ben-Itzchak, E., Zukerman, G. and Zachor, D.A., 2016. Having older siblings is associated with 
less severe social communication symptoms in young children with autism spectrum 
disorder. Journal of abnormal child psychology, 44(8), pp.1613-1620. 
Benner, S., Endo, T., Endo, N., Kakeyama, M. and Tohyama, C., 2014. Early deprivation 
induces competitive subordinance in C57BL/6 male mice. Physiology & behavior, 137, pp.42-
52. 
   References 
161 
 
 
Bennett‐Clarke, C.A., Chiaia, N.L., Jacquin, M.F. and Rhoades, R.W., 1992. Parvalbumin and 
calbindin immunocytochemistry reveal functionally distinct cell groups and vibrissa‐related 
patterns in the trigeminal brainstem complex of the adult rat. Journal of Comparative 
Neurology, 320(3), pp.323-338 
Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., Deng, Y., Blennerhassett, P., Macri, 
J., McCoy, K.D. and Verdu, E.F., 2011. The intestinal microbiota affect central levels of brain-
derived neurotropic factor and behavior in mice. Gastroenterology, 141(2), pp.599-609. 
Berridge, M.J., 2013. Dysregulation of neural calcium signaling in Alzheimer disease, bipolar 
disorder and schizophrenia. Prion, 7(1), pp.2-13. 
 
Berton, O., McClung, C.A., DiLeone, R.J., Krishnan, V., Renthal, W., Russo, S.J., Graham, D., 
Tsankova, N.M., Bolanos, C.A., Rios, M. and Monteggia, L.M., 2006. Essential role of BDNF in 
the mesolimbic dopamine pathway in social defeat stress. Science, 311(5762), pp.864-868. 
 
Bolger, A.M., Lohse, M. and Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics, 30(15), pp.2114-2120. 
 
Bondar, N.P., Lepeshko, A.A. and Reshetnikov, V.V., 2018. Effects of early-life stress on social 
and anxiety-like behaviors in adult mice: sex-specific effects. Behavioural neurology,  
 
Booker, S.A., Gross, A., Althof, D., Shigemoto, R., Bettler, B., Frotscher, M., Hearing, M., 
Wickman, K., Watanabe, M., Kulik, Á. and Vida, I., 2013. Differential GABAB-receptor-
mediated effects in perisomatic-and dendrite-targeting parvalbumin interneurons. Journal of 
Neuroscience, 33(18), pp.7961-7974 
 
Branchi, I. and Alleva, E., 2006. Communal nesting, an early social enrichment, increases the 
adult anxiety-like response and shapes the role of social context in modulating the emotional 
behavior. Behavioural brain research, 172(2), pp.299-306. 
 
Branchi, I., D’Andrea, I., Fiore, M., Di Fausto, V., Aloe, L., & Alleva, E. 2006. Early social 
enrichment shapes social behavior and nerve growth factor and brain-derived neurotrophic 
factor levels in the adult mouse brain. Biological psychiatry, 60(7), 690-696 
 
Branchi, I., D'andrea, I., Sietzema, J., Fiore, M., Di Fausto, V., Aloe, L. and Alleva, E., 2006. 
Early social enrichment augments adult hippocampal BDNF levels and survival of BrdU‐
positive cells while increasing anxiety‐and “depression”‐like behavior. Journal of 
neuroscience research, 83(6), pp.965-973. 
 
Bredy, T.W. and Barad, M., 2009. Social modulation of associative fear learning by 
pheromone communication. Learning & memory, 16(1), pp.12-18. 
 
Brenhouse, H.C. and Andersen, S.L., 2011. Nonsteroidal anti-inflammatory treatment 
prevents delayed effects of early life stress in rats. Biological psychiatry, 70(5), pp.434-440. 
 
Broek, J.A., Guest, P.C., Rahmoune, H. and Bahn, S., 2014. Proteomic analysis of post mortem 
brain tissue from autism patients: evidence for opposite changes in prefrontal cortex and 
cerebellum in synaptic connectivity-related proteins. Molecular autism, 5(1), p.41. 
   References 
162 
 
 
Brown, K.J. and Grunberg, N.E., 1995. Effects of housing on male and female rats: crowding 
stresses males but calms females. Physiology & Behavior, 58(6), pp.1085-1089. 
 
Brown, R.Z., 1953. Social behavior, reproduction, and population changes in the house mouse 
(Mus musculus L.). Ecological Monographs, 23(3), pp.217-240. 
 
Brown, R.E., Mathieson, W.B., Stapleton, J. and Neumann, P.E., 1999. Maternal behavior in 
female C57BL/6J and DBA/2J inbred mice. Physiology & behavior, 67(4), pp.599-605 
 
Bruchey, A.K., Jones, C.E. and Monfils, M.H., 2010. Fear conditioning by-proxy: social 
transmission of fear during memory retrieval. Behavioural brain research, 214(1), pp.80-84. 
 
Brugha, T.S., McManus, S., Bankart, J., Scott, F., Purdon, S., Smith, J., Bebbington, P., Jenkins, 
R. and Meltzer, H., 2011. Epidemiology of autism spectrum disorders in adults in the 
community in England. Archives of general psychiatry, 68(5), pp.459-465. 
 
Budreck, E.C. and Scheiffele, P., 2007. Neuroligin‐3 is a neuronal adhesion protein at 
GABAergic and glutamatergic synapses. European Journal of Neuroscience, 26(7), pp.1738-
1748.  
 
Caldji, C., Diorio, J. and Meaney, M.J., 2000. Variations in maternal care in infancy regulate 
the development of stress reactivity. Biological psychiatry, 48(12), pp.1164-1174 
 
Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P.M. and Meaney, M.J., 1998. 
Maternal care during infancy regulates the development of neural systems mediating the 
expression of fearfulness in the rat. Proceedings of the National Academy of Sciences, 95(9), 
pp.5335-5340 
 
Calhoun, J.B., 1973. Death squared: the explosive growth and demise of a mouse population 
Campellone, K.G. and Welch, M.D., 2010. A nucleator arms race: cellular control of actin 
assembly. Nature reviews Molecular cell biology, 11(4), p.237. 
 
Caligioni, C.S., 2009. Assessing reproductive status/stages in mice. Current protocols in 
neuroscience, 48(1), pp.A-4 
 
Cao, J.L., Covington, H.E., Friedman, A.K., Wilkinson, M.B., Walsh, J.J., Cooper, D.C., Nestler, 
E.J. and Han, M.H., 2010. Mesolimbic dopamine neurons in the brain reward circuit mediate 
susceptibility to social defeat and antidepressant action. Journal of Neuroscience, 30(49), 
pp.16453-16458. 
 
Cao, W., Lin, S., Xia, Q.Q., Du, Y.L., Yang, Q., Zhang, M.Y., Lu, Y.Q., Xu, J., Duan, S.M., Xia, J. 
and Feng, G., 2018. Gamma Oscillation Dysfunction in mPFC Leads to Social Deficits in 
Neuroligin-3 R451C Knockin Mice. Neuron, 97(6), pp.1253-1260 
 
Carlen, M., Meletis, K., Siegle, J.H., Cardin, J.A., Futai, K., Vierling-Claassen, D., Ruehlmann, 
C., Jones, S.R., Deisseroth, K., Sheng, M.I.M.C. and Moore, C.I., 2012. A critical role for NMDA 
receptors in parvalbumin interneurons for gamma rhythm induction and behavior. Molecular 
psychiatry, 17(5), p.537 
 
   References 
163 
 
Chapleau, C.A., Boggio, E.M., Calfa, G., Percy, A.K., Giustetto, M. and Pozzo-Miller, L., 2012. 
Hippocampal CA1 pyramidal neurons of Mecp2 mutant mice show a dendritic spine 
phenotype only in the presymptomatic stage. Neural plasticity 
 
Chapleau, C.A., Calfa, G.D., Lane, M.C., Albertson, A.J., Larimore, J.L., Kudo, S., Armstrong, 
D.L., Percy, A.K. and Pozzo-Miller, L., 2009. Dendritic spine pathologies in hippocampal 
pyramidal neurons from Rett syndrome brain and after expression of Rett-associated MECP2 
mutations. Neurobiology of disease, 35(2), pp.219-233 
 
Carrel, L. and Willard, H.F., 2005. X-inactivation profile reveals extensive variability in X-linked 
gene expression in females. Nature, 434(7031), p.400 
 
Chaste, P., Klei, L., Sanders, S.J., Hus, V., Murtha, M.T., Lowe, J.K., Willsey, A.J., Moreno-De-
Luca, D., Timothy, W.Y., Fombonne, E. and Geschwind, D., 2015. A genome-wide association 
study of autism using the Simons Simplex Collection: Does reducing phenotypic 
heterogeneity in autism increase genetic homogeneity?. Biological psychiatry, 77(9), pp.775-
784. 
 
Cheh, M.A., Millonig, J.H., Roselli, L.M., Ming, X., Jacobsen, E., Kamdar, S. and Wagner, G.C., 
2006. En2 knockout mice display neurobehavioral and neurochemical alterations relevant to 
autism spectrum disorder. Brain research, 1116(1), pp.166-176. 
Chen, Q., Panksepp, J.B. and Lahvis, G.P., 2009. Empathy is moderated by genetic background 
in mice. PloS one, 4(2), p.e4387. 
Chih, B., Afridi, S.K., Clark, L. and Scheiffele, P., 2004. Disorder-associated mutations lead to 
functional inactivation of neuroligins. Human molecular genetics, 13(14), pp.1471-1477 
 
Chmielewska, J.J., Kuzniewska, B., Milek, J., Urbanska, K. and Dziembowska, M., 2018. 
Neuroligin 1, 2, and 3 Regulation at the Synapse: FMRP-Dependent Translation and Activity-
Induced Proteolytic Cleavage. Molecular neurobiology, pp.1-19 
 
Chourbaji, S., Zacher, C., Sanchis-Segura, C., Spanagel, R. and Gass, P., 2005. Social and 
structural housing conditions influence the development of a depressive-like phenotype in 
the learned helplessness paradigm in male mice. Behavioural brain research, 164(1), pp.100-
106. 
Clarkson, J.M., Dwyer, D.M., Flecknell, P.A., Leach, M.C. and Rowe, C., 2018. Handling method 
alters the hedonic value of reward in laboratory mice. Scientific reports, 8(1), p.2448 
Comery, T.A., Harris, J.B., Willems, P.J., Oostra, B.A., Irwin, S.A., Weiler, I.J. and Greenough, 
W.T., 1997. Abnormal dendritic spines in fragile X knockout mice: maturation and pruning 
deficits. Proceedings of the National Academy of Sciences, 94(10), pp.5401-5404. 
 
Comoletti, D., De Jaco, A., Jennings, L.L., Flynn, R.E., Gaietta, G., Tsigelny, I., Ellisman, M.H. 
and Taylor, P., 2004. The Arg451Cys-neuroligin-3 mutation associated with autism reveals a 
defect in protein processing. Journal of Neuroscience, 24(20), pp.4889-4893 
Covington III, H.E., Kikusui, T., Goodhue, J., Nikulina, E.M., Hammer Jr, R.P. and Miczek, K.A., 
2005. Brief social defeat stress: long lasting effects on cocaine taking during a binge and 
   References 
164 
 
zif268 mRNA expression in the amygdala and prefrontal 
cortex. Neuropsychopharmacology, 30(2), p.310 
 
Cowan, R.L., Wilson, C.J., Emson, P.C. and Heizmann, C.W., 1990. Parvalbumin‐containing 
gabaergic interneurons in the rat neostriatum. Journal of comparative neurology, 302(2), 
pp.197-205. 
 
Crews, D., Rushworth, D., Gonzalez-Lima, F. and Ogawa, S., 2009. Litter environment affects 
behavior and brain metabolic activity of adult knockout mice. Frontiers in behavioral 
neuroscience, 3, p.12. 
 
Croen, L.A., Grether, J.K., Yoshida, C.K., Odouli, R. and Hendrick, V., 2011. Antidepressant use 
during pregnancy and childhood autism spectrum disorders. Archives of general 
psychiatry, 68(11), pp.1104-1112. 
Crowcroft, P. and Rowe, F.P., 1963, May. Social organization and territorial behaviour in the. 
In Proceedings of the Zoological Society of London. 140(3), pp. 517-531. 
Curley, J.P., Champagne, F.A., Bateson, P. and Keverne, E.B., 2008. Transgenerational effects 
of impaired maternal care on behaviour of offspring and grandoffspring. Animal 
Behaviour, 75(4), pp.1551-1561. 
 
D’Andrea, I., Alleva, E. and Branchi, I., 2007. Communal nesting, an early social enrichment, 
affects social competences but not learning and memory abilities at adulthood. Behavioural 
brain research, 183(1), pp.60-66. 
D’Antoni, S., Spatuzza, M., Bonaccorso, C.M., Musumeci, S.A., Ciranna, L., Nicoletti, F., Huber, 
K.M. and Catania, M.V., 2014. Dysregulation of group-I metabotropic glutamate (mGlu) 
receptor mediated signalling in disorders associated with Intellectual Disability and 
Autism. Neuroscience & Biobehavioral Reviews, 46, pp.228-241 
 
de Esch, C.E.F., Van den Berg, W.E., Buijsen, R.A.M., Jaafar, I.A., Nieuwenhuizen-Bakker, I.M., 
Gasparini, F., Kushner, S.A. and Willemsen, R., 2015. Fragile X mice have robust mGluR5-
dependent alterations of social behaviour in the Automated Tube Test. Neurobiology of 
disease, 75, pp.31-39. 
 
de Theije, C.G., Wopereis, H., Ramadan, M., van Eijndthoven, T., Lambert, J., Knol, J., Garssen, 
J., Kraneveld, A.D. and Oozeer, R., 2014. Altered gut microbiota and activity in a murine 
model of autism spectrum disorders. Brain, behavior, and immunity, 37, pp.197-206. 
 
Del Rio, J.A., Soriano, E. and Ferrer, I., 1992. Development of GABA‐immunoreactivity in the 
neocortex of the mouse. Journal of Comparative Neurology, 326(4), pp.501-526 
 
Delgado, J.M.R., Grau, C., Delgado-Garcia, J.M. and Rodero, J.M., 1976. Effects of diazepam 
related to social hierarchy in rhesus monkeys. Neuropharmacology, 15(7), pp.409-414 
 
DeLorey, T.M., Sahbaie, P., Hashemi, E., Homanics, G.E. and Clark, J.D., 2008. Gabrb3 gene 
deficient mice exhibit impaired social and exploratory behaviors, deficits in non-selective 
attention and hypoplasia of cerebellar vermal lobules: a potential model of autism spectrum 
disorder. Behavioural brain research, 187(2), pp.207-220. 
   References 
165 
 
 
Dere, E., Ronnenberg, A., Tampe, B., Arinrad, S., Schmidt, M., Zeisberg, E. and Ehrenreich, H., 
2018. Cognitive, emotional and social phenotyping of mice in an observer-independent 
setting. Neurobiology of learning and memory, 150, pp.136-150 
 
Desjardins, C., Maruniak, J.A. and Bronson, F.H., 1973. Social rank in house mice: 
differentiation revealed by ultraviolet visualization of urinary marking 
patterns. Science, 182(4115), pp.939-941. 
Devlin, B. and Scherer, S.W., 2012. Genetic architecture in autism spectrum disorder. Current 
opinion in genetics & development, 22(3), pp.229-237 
 
Dickinson, A., Bruyns‐Haylett, M., Jones, M. and Milne, E., 2015. Increased peak gamma 
frequency in individuals with higher levels of autistic traits. European Journal of 
Neuroscience, 41(8), pp.1095-1101 
Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M. 
and Gingeras, T.R., 2013. STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 29(1), 
pp.15-21. 
 
Dong, F., Jiang, J., McSweeney, C., Zou, D., Liu, L. and Mao, Y., 2016. Deletion of CTNNB1 in 
inhibitory circuitry contributes to autism-associated behavioral defects. Human molecular 
genetics, 25(13), pp.2738-2751. 
 
Doulames, V.M., Vilcans, M., Lee, S. and Shea, T.B., 2015. Social interaction attenuates the 
extent of secondary neuronal damage following closed head injury in mice. Frontiers in 
behavioral neuroscience, 9, p.275 
 
Duchatel, R.J., Meehan, C.L., Harms, L.R., Michie, P.T., Bigland, M.J., Smith, D.W., Jobling, P., 
Hodgson, D.M. and Tooney, P.A., 2018. Increased complement component 4 (C4) gene 
expression in the cingulate cortex of rats exposed to late gestation immune 
activation. Schizophrenia research, 199, pp.442-444 
Durand, C.M., Betancur, C., Boeckers, T.M., Bockmann, J., Chaste, P., Fauchereau, F., Nygren, 
G., Rastam, M., Gillberg, I.C., Anckarsäter, H. and Sponheim, E., 2007. Mutations in the gene 
encoding the synaptic scaffolding protein SHANK3 are associated with autism spectrum 
disorders. Nature genetics, 39(1), p.25. 
 
Ejike, C. and Schreck, C.B., 1980. Stress and social hierarchy rank in coho 
salmon. Transactions of the American Fisheries Society, 109(4), pp.423-426. 
Ely, D.L. and Henry, J.P., 1978. Neuroendocrine response patterns in dominant and 
subordinate mice. Hormones and behavior, 10(2), pp.156-169 
Farrell, M.R., Holland, F.H., Shansky, R.M. and Brenhouse, H.C., 2016. Sex-specific effects of 
early life stress on social interaction and prefrontal cortex dendritic morphology in young 
rats. Behavioural brain research, 310, pp.119-125. 
 
Fielder, D.R., 1965. A dominance order for shelter in the spiny lobster Jasus lalandei (H. Milne-
Edwards). Behaviour, 24(3), pp.236-245. 
   References 
166 
 
 
Filipović, D., Zlatković, J., Gass, P. and Inta, D., 2013. The differential effects of acute vs. 
chronic stress and their combination on hippocampal parvalbumin and inducible heat shock 
protein 70 expression. Neuroscience, 236, pp.47-54. 
Filipović, D., Stanisavljević, A., Jasnić, N., Bernardi, R.E., Inta, D., Perić, I. and Gass, P., 2018. 
Chronic Treatment with Fluoxetine or Clozapine of Socially Isolated Rats Prevents Subsector-
Specific Reduction of Parvalbumin Immunoreactive Cells in the 
Hippocampus. Neuroscience, 371, pp.384-394. 
 
Filice, F., Lauber, E., Vörckel, K.J., Wöhr, M. and Schwaller, B., 2018. 17-β estradiol increases 
parvalbumin levels in Pvalb heterozygous mice and attenuates behavioral phenotypes with 
relevance to autism core symptoms. Molecular autism, 9(1), p.15. 
Fischer, J. and Hammerschmidt, K., 2011. Ultrasonic vocalizations in mouse models for 
speech and socio‐cognitive disorders: insights into the evolution of vocal 
communication. Genes, Brain and Behavior, 10(1), pp.17-27 
 
Fombonne, E., 2003. Epidemiological surveys of autism and other pervasive developmental 
disorders: an update. Journal of autism and developmental disorders, 33(4), pp.365-382. 
 
Fombonne, E., 2005. Epidemiological studies of pervasive developmental 
disorders. Handbook of autism and pervasive developmental disorders, 1, pp.42-69 
 
Frazier, T.W., Youngstrom, E.A., Speer, L., Embacher, R., Law, P., Constantino, J., Findling, R.L., 
Hardan, A.Y. and Eng, C., 2012. Validation of proposed DSM-5 criteria for autism spectrum 
disorder. Journal of the American Academy of Child & Adolescent Psychiatry, 51(1), pp.28-40 
 
Fu, Y.H., Kuhl, D.P., Pizzuti, A., Pieretti, M., Sutcliffe, J.S., Richards, S., Verkert, A.J., Holden, 
J.J., Fenwick Jr, R.G., Warren, S.T. and Oostra, B.A., 1991. Variation of the CGG repeat at the 
fragile X site results in genetic instability: resolution of the Sherman paradox. Cell, 67(6), 
pp.1047-1058 
 
Földy, C., Malenka, R.C. and Südhof, T.C., 2013. Autism-associated neuroligin-3 mutations 
commonly disrupt tonic endocannabinoid signaling. Neuron, 78(3), pp.498-509 
 
Gabbott, P.L. and Bacon, S.J., 1996. Local circuit neurons in the medial prefrontal cortex 
(areas 24a, b, c, 25 and 32) in the monkey: II. Quantitative areal and laminar 
distributions. Journal of Comparative Neurology, 364(4), pp.609-636. 
 
George, E.D., Bordner, K.A., Elwafi, H.M. and Simen, A.A., 2010. Maternal separation with 
early weaning: a novel mouse model of early life neglect. BMC neuroscience, 11(1), p.123 
 
Ghosal, S., Nunley, A., Mahbod, P., Lewis, A.G., Smith, E.P., Tong, J., D'Alessio, D.A. and 
Herman, J.P., 2015. Mouse handling limits the impact of stress on metabolic 
endpoints. Physiology & behavior, 150, pp.31-37. 
 
Gilbert, M., Smith, J., Roskams, A.J. and Auld, V.J., 2001. Neuroligin-3 is a vertebrate gliotactin 
expressed in the olfactory ensheathing glia, a growth‐promoting class of 
macroglia. Glia, 34(3), pp.151-164. 
   References 
167 
 
 
Gillberg, C., Cederlund, M., Lamberg, K. and Zeijlon, L., 2006. Brief report:“the autism 
epidemic”. The registered prevalence of autism in a Swedish urban area. Journal of autism 
and developmental disorders, 36(3), p.429. 
 
Gilman, S.R., Iossifov, I., Levy, D., Ronemus, M., Wigler, M. and Vitkup, D., 2011. Rare de novo 
variants associated with autism implicate a large functional network of genes involved in 
formation and function of synapses. Neuron, 70(5), pp.898-907 
 
Ginsberg, M.R., Rubin, R.A., Falcone, T., Ting, A.H. and Natowicz, M.R., 2012. Brain 
transcriptional and epigenetic associations with autism. PLoS One, 7(9), p.e44736. 
 
Glasper, E.R. and DeVries, A.C., 2005. Social structure influences effects of pair-housing on 
wound healing. Brain, behavior, and immunity, 19(1), pp.61-68. 
 
Glessner, J.T., Wang, K., Cai, G., Korvatska, O., Kim, C.E., Wood, S., Zhang, H., Estes, A., Brune, 
C.W., Bradfield, J.P. and Imielinski, M., 2009. Autism genome-wide copy number variation 
reveals ubiquitin and neuronal genes. Nature, 459(7246), p.569. 
 
Grady, S.R., Murphy, K.L., Cao, J., Marks, M.J., McIntosh, J.M. and Collins, A.C., 2002. 
Characterization of nicotinic agonist-induced [3H] dopamine release from synaptosomes 
prepared from four mouse brain regions. Journal of Pharmacology and Experimental 
Therapeutics, 301(2), pp.651-660 
 
Gogolla, N., LeBlanc, J.J., Quast, K.B., Südhof, T.C., Fagiolini, M. and Hensch, T.K., 2009. 
Common circuit defect of excitatory-inhibitory balance in mouse models of autism. Journal 
of neurodevelopmental disorders, 1(2), p.172 
 
Gouveia, K. and Hurst, J.L., 2017. Optimising reliability of mouse performance in behavioural 
testing: the major role of non-aversive handling. Scientific reports, 7, p.44999 
 
Gray, E. and Whittaker, V.P., 1962. The isolation of nerve endings from brain: an electron 
microscopic study of cell fragments derived by homogenization and centrifugation. Journal 
of anatomy, 96(Pt 1), p.79 
 
Haller, J., Fuchs, E., Halász, J. and Makara, G.B., 1999. Defeat is a major stressor in males while 
social instability is stressful mainly in females: towards the development of a social stress 
model in female rats. Brain research bulletin, 50(1), pp.33-39. 
 
Hallmayer, J., Cleveland, S., Torres, A., Phillips, J., Cohen, B., Torigoe, T., Miller, J., Fedele, A., 
Collins, J., Smith, K. and Lotspeich, L., 2011. Genetic heritability and shared environmental 
factors among twin pairs with autism. Archives of general psychiatry, 68(11), pp.1095-1102. 
 
Harte, M.K., Powell, S.B., Swerdlow, N.R., Geyer, M.A. and Reynolds, G.P., 2007. Deficits in 
parvalbumin and calbindin immunoreactive cells in the hippocampus of isolation reared 
rats. Journal of neural transmission, 114(7), pp.893-898. 
Hasen, N.S. and Gammie, S.C., 2005. Differential fos activation in virgin and lactating mice in 
response to an intruder. Physiology & behavior, 84(5), pp.681-695 
 
   References 
168 
 
Hastings, R.P., 2003. Behavioral adjustment of siblings of children with autism engaged in 
applied behavior analysis early intervention programs: The moderating role of social 
support. Journal of autism and developmental disorders, 33(2), pp.141-150. 
 
Hebb, C.O. and Whittaker, V.P., 1958. Intracellular distributions of acetylcholine and choline 
acetylase. The Journal of Physiology, 142(1), pp.187-196 
 
Heijtz, R.D., Wang, S., Anuar, F., Qian, Y., Björkholm, B., Samuelsson, A., Hibberd, M.L., 
Forssberg, H. and Pettersson, S., 2011. Normal gut microbiota modulates brain development 
and behavior. Proceedings of the National Academy of Sciences, 108(7), pp.3047-3052. 
 
Higley, J.D., Mehlman, P.T., Poland, R.E., Taub, D.M., Vickers, J., Suomi, S.J. and Linnoila, M., 
1996. CSF testosterone and 5-HIAA correlate with different types of aggressive 
behaviors. Biological psychiatry, 40(11), pp.1067-1082. 
 
Hinton, V.J., Brown, W.T., Wisniewski, K. and Rudelli, R.D., 1991. Analysis of neocortex in 
three males with the fragile X syndrome. American journal of medical genetics, 41(3), pp.289-
294. 
 
Hofford, R.S., Wellman, P.J. and Eitan, S., 2011. Social influences on plasma testosterone 
levels in morphine withdrawn adolescent mice and their drug-naïve cage-
mates. Psychoneuroendocrinology, 36(5), pp.728-736. 
 
Holland, F.H., Ganguly, P., Potter, D.N., Chartoff, E.H. and Brenhouse, H.C., 2014. Early life 
stress disrupts social behavior and prefrontal cortex parvalbumin interneurons at an earlier 
time-point in females than in males. Neuroscience letters, 566, pp.131-136. 
 
Holtmann, M., Bölte, S. and Poustka, F., 2007. Autism spectrum disorders: Sex differences in 
autistic behaviour domains and coexisting psychopathology. Developmental Medicine & 
Child Neurology, 49(5), pp.361-366 
 
Holy, T.E. and Guo, Z., 2005. Ultrasonic songs of male mice. PLoS biology, 3(12), p.e386 
 
Horii, Y., Nagasawa, T., Sakakibara, H., Takahashi, A., Tanave, A., Matsumoto, Y., Nagayama, 
H., Yoshimi, K., Yasuda, M.T., Shimoi, K. and Koide, T., 2017. Hierarchy in the home cage 
affects behaviour and gene expression in group-housed C57BL/6 male mice. Scientific 
reports, 7(1), p.6991. 
 
Huot, R.L., Gonzalez, M.E., Ladd, C.O., Thrivikraman, K.V. and Plotsky, P.M., 2004. Foster 
litters prevent hypothalamic-pituitary-adrenal axis sensitization mediated by neonatal 
maternal separation. Psychoneuroendocrinology, 29(2), pp.279-289 
 
Hurst, J.L., 1987. Behavioural variation in wild house mice Mus domesticus Rutty: a 
quantitative assessment of female social organization. Animal Behaviour, 35(6), pp.1846-
1857 
Hurst, J.L. and West, R.S., 2010. Taming anxiety in laboratory mice. Nature methods, 7(10), 
p.825 
 
   References 
169 
 
Ibi, D., Takuma, K., Koike, H., Mizoguchi, H., Tsuritani, K., Kuwahara, Y., Kamei, H., Nagai, T., 
Yoneda, Y., Nabeshima, T. and Yamada, K., 2008. Social isolation rearing‐induced impairment 
of the hippocampal neurogenesis is associated with deficits in spatial memory and emotion‐
related behaviors in juvenile mice. Journal of neurochemistry, 105(3), pp.921-932. 
 
Ichtchenko, K., Nguyen, T. and Südhof, T.C., 1996. Structures, alternative splicing, and 
neurexin binding of multiple neuroligins. Journal of Biological Chemistry, 271(5), pp.2676-
2682. 
 
Inan, M., Zhao, M., Manuszak, M., Karakaya, C., Rajadhyaksha, A.M., Pickel, V.M., Schwartz, 
T.H., Goldstein, P.A. and Manfredi, G., 2016. Energy deficit in parvalbumin neurons leads to 
circuit dysfunction, impaired sensory gating and social disability. Neurobiology of disease, 93, 
pp.35-46. 
Irwin, S.A., Patel, B., Idupulapati, M., Harris, J.B., Crisostomo, R.A., Larsen, B.P., Kooy, F., 
Willems, P.J., Cras, P., Kozlowski, P.B. and Swain, R.A., 2001. Abnormal dendritic spine 
characteristics in the temporal and visual cortices of patients with fragile‐X syndrome: a 
quantitative examination. American journal of medical genetics, 98(2), pp.161-167. 
 
Ito-Ishida, A., Ure, K., Chen, H., Swann, J.W. and Zoghbi, H.Y., 2015. Loss of MeCP2 in 
parvalbumin-and somatostatin-expressing neurons in mice leads to distinct Rett syndrome-
like phenotypes. Neuron, 88(4), pp.651-658 
 
Jackson, P.B., Boccuto, L., Skinner, C., Collins, J.S., Neri, G., Gurrieri, F. and Schwartz, C.E., 
2009. Further evidence that the rs1858830 C variant in the promoter region of the MET gene 
is associated with autistic disorder. Autism Research, 2(4), pp.232-236.  
 
Jamain, S., Quach, H., Betancur, C., Råstam, M., Colineaux, C., Gillberg, I.C., Soderstrom, H., 
Giros, B., Leboyer, M., Gillberg, C. and Bourgeron, T., 2003. Mutations of the X-linked genes 
encoding neuroligins NLGN3 and NLGN4 are associated with autism. Nature genetics, 34(1), 
p.27 
 
Jamain, S., Radyushkin, K., Hammerschmidt, K., Granon, S., Boretius, S., Varoqueaux, F., 
Ramanantsoa, N., Gallego, J., Ronnenberg, A., Winter, D. and Frahm, J., 2008. Reduced social 
interaction and ultrasonic communication in a mouse model of monogenic heritable 
autism. Proceedings of the National Academy of Sciences, 105(5), pp.1710-1715 
 
Jiang, Z., Rompala, G.R., Zhang, S., Cowell, R.M. and Nakazawa, K., 2013. Social isolation 
exacerbates schizophrenia-like phenotypes via oxidative stress in cortical 
interneurons. Biological psychiatry, 73(10), pp.1024-1034. 
 
Juntti, S.A., Tollkuhn, J., Wu, M.V., Fraser, E.J., Soderborg, T., Tan, S., Honda, S.I., Harada, N. 
and Shah, N.M., 2010. The androgen receptor governs the execution, but not programming, 
of male sexual and territorial behaviors. Neuron, 66(2), pp.260-272. 
 
Kalbassi, S., Bachmann, S.O., Cross, E., Roberton, V.H. and Baudouin, S.J., 2017. Male and 
female mice lacking neuroligin-3 modify the behavior of their wild-type littermates. eNeuro, 
4(4), pp.ENEURO-0145 
 
   References 
170 
 
Kalueff, A.V., Minasyan, A., Keisala, T., Shah, Z.H. and Tuohimaa, P., 2006. Hair barbering in 
mice: implications for neurobehavioural research. Behavioural processes, 71(1), pp.8-15. 
 
Kang, I., Thompson, M.L., Heller, J. and Miller, L.G., 1991. Persistent elevation in GABAA 
receptor subunit mRNAs following social stress. Brain research bulletin, 26(5), pp.809-812. 
 
Katsumaru, H., Kosaka, T., Heizmann, C.W. and Hama, K., 1988. Immunocytochemical study 
of GABAergic neurons containing the calcium-binding protein parvalbumin in the rat 
hippocampus. Experimental brain research, 72(2), pp.347-362. 
 
Kent, C., Azanchi, R., Smith, B., Formosa, A. and Levine, J.D., 2008. Social context influences 
chemical communication in D. melanogaster males. Current Biology, 18(18), pp.1384-1389. 
 
Kita, H., Kosaka, T. and Heizmann, C.W., 1990. Parvalbumin-immunoreactive neurons in the 
rat neostriatum: a light and electron microscopic study. Brain research, 536(1-2), pp.1-15 
 
Kiyokawa, Y., Takeuchi, Y. and Mori, Y., 2007. Two types of social buffering differentially 
mitigate conditioned fear responses. European Journal of Neuroscience, 26(12), pp.3606-
3613 
 
Klausberger, T., Marton, L.F., O'Neill, J., Huck, J.H., Dalezios, Y., Fuentealba, P., Suen, W.Y., 
Papp, E., Kaneko, T., Watanabe, M. and Csicsvari, J., 2005. Complementary roles of 
cholecystokinin-and parvalbumin-expressing GABAergic neurons in hippocampal network 
oscillations. Journal of Neuroscience, 25(42), pp.9782-9793. 
 
Knapska, E., Mikosz, M., Werka, T. and Maren, S., 2010. Social modulation of learning in 
rats. Learning & memory, 17(1), pp.35-42 
 
Knapska, E., Nikolaev, E., Boguszewski, P., Walasek, G., Blaszczyk, J., Kaczmarek, L. and 
Werka, T., 2006. Between-subject transfer of emotional information evokes specific pattern 
of amygdala activation. Proceedings of the National Academy of Sciences, 103(10), pp.3858-
3862. 
 
König, B. and Lindholm, A.K., 2012. The complex social environment of female house mice 
(Mus domesticus). Evolution of the house mouse, pp.114-134. 
 
Krishnan, V., Han, M.H., Graham, D.L., Berton, O., Renthal, W., Russo, S.J., LaPlant, Q., 
Graham, A., Lutter, M., Lagace, D.C. and Ghose, S., 2007. Molecular adaptations underlying 
susceptibility and resistance to social defeat in brain reward regions. Cell, 131(2), pp.391-
404. 
 
Krugers, H.J., Koolhaas, J.M., Bohus, B. and Korf, J., 1993. A single social stress-experience 
alters glutamate receptor-binding in rat hippocampal CA3 area. Neuroscience letters, 154(1-
2), pp.73-77 
 
Kosaka, T., Kosaka, K., Nakayama, T., Hunziker, W. and Heizmann, C.W., 1993. Axons and 
axon terminals of cerebellar Purkinje cells and basket cells have higher levels of parvalbumin 
immunoreactivity than somata and dendrites: quantitative analysis by immunogold 
labeling. Experimental brain research, 93(3), pp.483-491. 
 
   References 
171 
 
Kudryavtseva, N.N., 1991. A sensory contact model for the study of aggressive and submissive 
behavior in male mice. Aggressive behavior, 17(5), pp.285-291 
 
Kudryavtseva, N.N., Kovalenko, I.L., Smagin, D.A., Galyamina, A.G. and Babenko, V.N., 2018. 
Abnormal Social Behaviors And Dysfunction Of Autism-Related Genes Associated With Daily 
Agonistic Interactions In Mice. In Molecular-Genetic and Statistical Techniques for Behavioral 
and Neural Research (pp. 309-344). 
 
Krajmalnik-Brown, R., Lozupone, C., Kang, D.W. and Adams, J.B., 2015. Gut bacteria in 
children with autism spectrum disorders: challenges and promise of studying how a complex 
community influences a complex disease. Microbial ecology in health and disease, 26(1), 
p.26914. 
 
Krishnan, V., Han, M.H., Graham, D.L., Berton, O., Renthal, W., Russo, S.J., LaPlant, Q., 
Graham, A., Lutter, M., Lagace, D.C. and Ghose, S., 2007. Molecular adaptations underlying 
susceptibility and resistance to social defeat in brain reward regions. Cell, 131(2), pp.391-
404. 
 
Krupp, J.J., Kent, C., Billeter, J.C., Azanchi, R., So, A.K.C., Schonfeld, J.A., Smith, B.P., Lucas, C. 
and Levine, J.D., 2008. Social experience modifies pheromone expression and mating 
behavior in male Drosophila melanogaster. Current Biology, 18(18), pp.1373-1383 
 
Kwon, H.B., Kozorovitskiy, Y., Oh, W.J., Peixoto, R.T., Akhtar, N., Saulnier, J.L., Gu, C. and 
Sabatini, B.L., 2012. Neuroligin-1–dependent competition regulates cortical synaptogenesis 
and synapse number. Nature neuroscience, 15(12), p.1667 
 
Langford, D.J., Crager, S.E., Shehzad, Z., Smith, S.B., Sotocinal, S.G., Levenstadt, J.S., Chanda, 
M.L., Levitin, D.J. and Mogil, J.S., 2006. Social modulation of pain as evidence for empathy in 
mice. Science, 312(5782), pp.1967-1970. 
 
Lapin, I.P., 1990. Beta-phenylethylamine (PEA): an endogenous anxiogen? Three series of 
experimental data. Biological psychiatry, 28(11), pp.997-1003. 
 
Larrain-Valenzuela, J., Zamorano, F., Soto-Icaza, P., Carrasco, X., Herrera, C., Daiber, F., 
Aboitiz, F. and Billeke, P., 2017. Theta and Alpha Oscillation Impairments in Autistic Spectrum 
Disorder Reflect Working Memory Deficit. Scientific Reports, 7(1), p.14328. 
 
Larrieu, T., Cherix, A., Duque, A., Rodrigues, J., Lei, H., Gruetter, R. and Sandi, C., 2017. 
Hierarchical status predicts behavioral vulnerability and nucleus accumbens metabolic 
profile following chronic social defeat stress. Current Biology, 27(14), pp.2202-2210. 
 
Lauber, E., Filice, F. and Schwaller, B., 2016. Prenatal valproate exposure differentially affects 
parvalbumin-expressing neurons and related circuits in the cortex and striatum of 
mice. Frontiers in molecular neuroscience, 9, p.150. 
 
Leasure, J.L. and Decker, L., 2009. Social isolation prevents exercise‐induced proliferation of 
hippocampal progenitor cells in female rats. Hippocampus, 19(10), pp.907-912. 
 
   References 
172 
 
Levy, D., Ronemus, M., Yamrom, B., Lee, Y.H., Leotta, A., Kendall, J., Marks, S., Lakshmi, B., 
Pai, D., Ye, K. and Buja, A., 2011. Rare de novo and transmitted copy-number variation in 
autistic spectrum disorders. Neuron, 70(5), pp.886-897 
 
Li, Z.Q., Yan, Z.Y., Lan, F.J., Dong, Y.Q. and Xiong, Y., 2018. Suppression of NLRP3 
inflammasome attenuates stress-induced depression-like behavior in NLGN3-deficient 
mice. Biochemical and biophysical research communications, 501(4), pp.933-940. 
 
Liao, Y., Smyth, G.K. and Shi, W., 2013. featureCounts: an efficient general purpose program 
for assigning sequence reads to genomic features. Bioinformatics, 30(7), pp.923-930 
 
Linden, C., Jakob, S., Gupta, P., Dulac, C,. Santoro, S. 2018. Sex separation induces differences 
in the olfactory sensory receptor repertoires of male and female mice. Nature 
Communications. 9. 
 
Lindzey, G., Winston, H. and Manosevitz, M., 1961. Social dominance in inbred mouse 
strains. Nature, 191(4787), p.474 
 
Lipina, T.V. and Roder, J.C., 2013. Co-learning facilitates memory in mice: a new avenue in 
social neuroscience. Neuropharmacology, 64, pp.283-293 
 
Lister, R.G., 1987. The use of a plus-maze to measure anxiety in the 
mouse. Psychopharmacology, 92(2), pp.180-185. 
 
Liu, J., Dupree, J.L., Gacias, M., Frawley, R., Sikder, T., Naik, P. and Casaccia, P., 2016. 
Clemastine enhances myelination in the prefrontal cortex and rescues behavioral changes in 
socially isolated mice. Journal of Neuroscience, 36(3), pp.957-962. 
 
Liu, C., Li, Y., Edwards, T.J., Kurniawan, N.D., Richards, L.J. and Jiang, T., 2016. Altered 
structural connectome in adolescent socially isolated mice. Neuroimage, 139, pp.259-270 
 
Lohmann, C. and Friauf, E., 1996. Distribution of the calcium‐binding proteins parvalbumin 
and calretinin in the auditory brainstem of adult and developing rats. Journal of Comparative 
Neurology, 367(1), pp.90-10 
 
Lord, C., Schopler, E. and Revicki, D., 1982. Sex differences in autism. Journal of Autism and 
developmental disorders, 12(4), pp.317-330. 
 
Love, M.I., Huber, W. and Anders, S., 2014. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome biology, 15(12), p.550. 
 
Lu, Y., Grady, S., Marks, M.J., Picciotto, M., Changeux, J.P. and Collins, A.C., 1998. 
Pharmacological characterization of nicotinic receptor-stimulated GABA release from mouse 
brain synaptosomes. Journal of Pharmacology and Experimental Therapeutics, 287(2), 
pp.648-657 
 
MacQueen, G.M., Ramakrishnan, K., Ratnasingan, R., Chen, B. and Young, L.T., 2003. 
Desipramine treatment reduces the long-term behavioural and neurochemical sequelae of 
early-life maternal separation. International Journal of Neuropsychopharmacology, 6(4), 
pp.391-396. 
   References 
173 
 
 
Macrı,̀ S. and Laviola, G., 2004. Single episode of maternal deprivation and adult depressive 
profile in mice: interaction with cannabinoid exposure during adolescence. Behavioural brain 
research, 154(1), pp.231-238. 
 
Mandy, W., Charman, T., Gilmour, J. and Skuse, D., 2011. Toward specifying pervasive 
developmental disorder—not otherwise specified. Autism Research, 4(2), pp.121-131. 
 
Marler, P., 1955. Studies of fighting in chaffinches (1) behaviour in relation to the social 
hierarchy. The British Journal of Animal Behaviour, 3(3), pp.111-117. 
 
Martins, G.J., Shahrokh, M. and Powell, E.M., 2011. Genetic disruption of Met signaling 
impairs GABAergic striatal development and cognition. Neuroscience, 176, pp.199-209. 
 
Matsumoto, K., Pinna, G., Puia, G., Guidotti, A. and Costa, E., 2005. Social isolation stress-
induced aggression in mice: a model to study the pharmacology of 
neurosteroidogenesis. Stress, 8(2), pp.85-93. 
 
Mazur, A. and Lamb, T.A., 1980. Testosterone, status, and mood in human males. Hormones 
and Behavior, 14(3), pp.236-246. 
 
Mazur, A., Booth, A. and Dabbs Jr, J.M., 1992. Testosterone and chess competition. Social 
Psychology Quarterly, pp.70-77. 
 
Maxwell, C.R., Villalobos, M.E., Schultz, R.T., Herpertz-Dahlmann, B., Konrad, K. and Kohls, G., 
2015. Atypical laterality of resting gamma oscillations in autism spectrum disorders. Journal 
of autism and developmental disorders, 45(2), pp.292-297. 
 
McNamara, G.I., Davis, B.A., Browne, M., Humby, T., Dalley, J.W., Xia, J., John, R.M. and Isles, 
A.R., 2017. Dopaminergic and behavioural changes in a loss‐of‐imprinting model of 
Cdkn1c. Genes, Brain and Behavior, 17(2), pp.149-157. 
 
McNamara, G.I., John, R.M. and Isles, A.R., 2018. Territorial Behavior and Social Stability in 
the Mouse Require Correct Expression of Imprinted Cdkn1c. Frontiers in behavioral 
neuroscience, 12, p.28. 
 
Meese, G.B. and Ewbank, R., 1973. The establishment and nature of the dominance hierarchy 
in the domesticated pig. Animal Behaviour, 21(2), pp.326-334 
 
Menard, J.L., Champagne, D.L. and Meaney, M.J.P., 2004. Variations of maternal care 
differentially influence ‘fear’reactivity and regional patterns of cFos immunoreactivity in 
response to the shock-probe burying test. Neuroscience, 129(2), pp.297-308 
 
Merlot, E., Moze, E., Bartolomucci, A., Dantzer, R. and Neveu, P.J., 2004. The rank assessed 
in a food competition test influences subsequent reactivity to immune and social challenges 
in mice. Brain, behavior, and immunity, 18(5), pp.468-475. 
 
Millstein, R.A. and Holmes, A., 2007. Effects of repeated maternal separation on anxiety-and 
depression-related phenotypes in different mouse strains. Neuroscience & Biobehavioral 
Reviews, 31(1), pp.3-17. 
   References 
174 
 
 
Miyamichi, K., Shlomai-Fuchs, Y., Shu, M., Weissbourd, B.C., Luo, L. and Mizrahi, A., 2013. 
Dissecting local circuits: parvalbumin interneurons underlie broad feedback control of 
olfactory bulb output. Neuron, 80(5), pp.1232-1245 
 
Morgan, D., Grant, K.A., Gage, H.D., Mach, R.H., Kaplan, J.R., Prioleau, O., Nader, S.H., 
Buchheimer, N., Ehrenkaufer, R.L. and Nader, M.A., 2002. Social dominance in monkeys: 
dopamine D 2 receptors and cocaine self-administration. Nature neuroscience, 5(2), p.169 
 
Nagy, A., Baker, R.R., Morris, S.J. and Whittaker, V.P., 1976. The preparation and 
characterization of synaptic vesicles of high purity. Brain research, 109(2), pp.285-309 
 
Naert, A., Callaerts-Vegh, Z. and D’Hooge, R., 2011. Nocturnal hyperactivity, increased social 
novelty preference and delayed extinction of fear responses in post-weaning socially isolated 
mice. Brain research bulletin, 85(6), pp.354-362. 
 
Nakatani, J., Tamada, K., Hatanaka, F., Ise, S., Ohta, H., Inoue, K., Tomonaga, S., Watanabe, 
Y., Chung, Y.J., Banerjee, R. and Iwamoto, K., 2009. Abnormal behavior in a chromosome-
engineered mouse model for human 15q11-13 duplication seen in autism. Cell, 137(7), 
pp.1235-1246. 
 
Nesher, E., Koman, I., Gross, M., Tikhonov, T., Bairachnaya, M., Salmon-Divon, M., Levin, Y., 
Gerlitz, G., Michaelevski, I., Yadid, G. and Pinhasov, A., 2015. Synapsin IIb as a functional 
marker of submissive behavior. Scientific reports, 5, p.10287. 
 
Nunez, A.A., Nyby, J. and Whitney, G., 1978. The effects of testosterone, estradiol, and 
dihydrotestosterone on male mouse (Mus musculus) ultrasonic vocalizations. Hormones and 
Behavior, 11(3), pp.264-272 
 
Palanza, P., Gioiosa, L. and Parmigiani, S., 2001. Social stress in mice: gender differences and 
effects of estrous cycle and social dominance. Physiology & behavior, 73(3), pp.411-420. 
 
Panksepp, J.B. and Lahvis, G.P., 2007. Social reward among juvenile mice. Genes, Brain and 
Behavior, 6(7), pp.661-671. 
 
Parracho, H.M., Bingham, M.O., Gibson, G.R. and McCartney, A.L., 2005. Differences between 
the gut microflora of children with autistic spectrum disorders and that of healthy children. 
Journal of medical microbiology, 54(10), pp.987-99 
 
Pathania, M., Davenport, E.C., Muir, J., Sheehan, D.F., López-Doménech, G. and Kittler, J.T., 
2014. The autism and schizophrenia associated gene CYFIP1 is critical for the maintenance of 
dendritic complexity and the stabilization of mature spines. Translational psychiatry, 4(3), 
p.e374 
 
Paxinos, G. and Franklin, K., 2001. The mouse brain atlas in stereotaxic coordinates. San 
Diego, CA: Academic. 
 
Pellis, S.M. and Pasztor, T.J., 1999. The developmental onset of a rudimentary form of play 
fighting in C57 mice. Developmental psychobiology, 34(3), pp.175-182. 
 
   References 
175 
 
Peñagarikano, O., Abrahams, B.S., Herman, E.I., Winden, K.D., Gdalyahu, A., Dong, H., 
Sonnenblick, L.I., Gruver, R., Almajano, J., Bragin, A. and Golshani, P., 2011. Absence of 
CNTNAP2 leads to epilepsy, neuronal migration abnormalities, and core autism-related 
deficits. Cell, 147(1), pp.235-246. 
 
Phillips, G.R., Huang, J.K., Wang, Y., Tanaka, H., Shapiro, L., Zhang, W., Shan, W.S., Arndt, K., 
Frank, M., Gordon, R.E. and Gawinowicz, M.A., 2001. The presynaptic particle web: 
ultrastructure, composition, dissolution, and reconstitution. Neuron, 32(1), pp.63-77. 
 
Pietropaolo, S., Branchi, I., Cirulli, F., Chiarotti, F., Aloe, L. and Alleva, E., 2004. Long-term 
effects of the periadolescent environment on exploratory activity and aggressive behaviour 
in mice: social versus physical enrichment. Physiology & Behavior, 81(3), pp.443-453. 
 
Polepalli, J.S., Wu, H., Goswami, D., Halpern, C.H., Südhof, T.C. and Malenka, R.C., 2017. 
Modulation of excitation on parvalbumin interneurons by neuroligin-3 regulates the 
hippocampal network. Nature neuroscience, 20(2), p.219 
 
Radyushkin, K., Hammerschmidt, K., Boretius, S., Varoqueaux, F., El‐Kordi, A., Ronnenberg, 
A., Winter, D., Frahm, J., Fischer, J., Brose, N. and Ehrenreich, H., 2009. Neuroligin‐3‐deficient 
mice: model of a monogenic heritable form of autism with an olfactory deficit. Genes, Brain 
and Behavior, 8(4), pp.416-425. 
 
Rapanelli, M., Frick, L.R., Xu, M., Groman, S.M., Jindachomthong, K., Tamamaki, N., Tanahira, 
C., Taylor, J.R. and Pittenger, C., 2017. Targeted interneuron depletion in the dorsal striatum 
produces autism-like behavioral abnormalities in male but not female mice. Biological 
psychiatry, 82(3), pp.194-203. 
 
Raz, R., Roberts, A.L., Lyall, K., Hart, J.E., Just, A.C., Laden, F. and Weisskopf, M.G., 2014. 
Autism spectrum disorder and particulate matter air pollution before, during, and after 
pregnancy: a nested case–control analysis within the Nurses’ Health Study II 
cohort. Environmental health perspectives, 123(3), pp.264-270. 
 
Rice, C.J., Sandman, C.A., Lenjavi, M.R. and Baram, T.Z., 2008. A novel mouse model for acute 
and long-lasting consequences of early life stress. Endocrinology, 149(10), pp.4892-4900. 
 
Ritvo, E.R., Freeman, B.J., Mason-Brothers, A., Mo, A. and Ritvo, A.M., 1985. Concordance for 
the syndrome of autism in 40 pairs of afflicted twins. The American journal of psychiatry. 
 
Roceri, M., Cirulli, F., Pessina, C., Peretto, P., Racagni, G. and Riva, M.A., 2004. Postnatal 
repeated maternal deprivation produces age-dependent changes of brain-derived 
neurotrophic factor expression in selected rat brain regions. Biological psychiatry, 55(7), 
pp.708-714. 
 
Romeo, R.D., Mueller, A., Sisti, H.M., Ogawa, S., McEwen, B.S. and Brake, W.G., 2003. Anxiety 
and fear behaviors in adult male and female C57BL/6 mice are modulated by maternal 
separation. Hormones and behavior, 43(5), pp.561-567. 
 
Ronald, A., HappÉ, F., Bolton, P., Butcher, L.M., Price, T.S., Wheelwright, S., Baron-Cohen, S. 
and Plomin, R., 2006. Genetic heterogeneity between the three components of the autism 
   References 
176 
 
spectrum: a twin study. Journal of the American Academy of Child & Adolescent 
Psychiatry, 45(6), pp.691-69 
 
Rothwell, P.E., Fuccillo, M.V., Maxeiner, S., Hayton, S.J., Gokce, O., Lim, B.K., Fowler, S.C., 
Malenka, R.C. and Südhof, T.C., 2014. Autism-associated neuroligin-3 mutations commonly 
impair striatal circuits to boost repetitive behaviors. Cell, 158(1), pp.198-212. 
 
Rottman, S.J. and Snowdown, C.T., 1972. Demonstration and analysis of an alarm pheromone 
in mice. Journal of comparative and physiological psychology, 81(3), p.48 
 
Rowe, R., Maughan, B., Worthman, C.M., Costello, E.J. and Angold, A., 2004. Testosterone, 
antisocial behavior, and social dominance in boys: Pubertal development and biosocial 
interaction. Biological psychiatry, 55(5), pp.546-552. 
 
Rudy, B., Fishell, G., Lee, S. and Hjerling‐Leffler, J., 2011. Three groups of interneurons 
account for nearly 100% of neocortical GABAergic neurons. Developmental 
neurobiology, 71(1), pp.45-61. 
 
Sanders, S.J., Ercan-Sencicek, A.G., Hus, V., Luo, R., Murtha, M.T., Moreno-De-Luca, D., Chu, 
S.H., Moreau, M.P., Gupta, A.R., Thomson, S.A. and Mason, C.E., 2011. Multiple recurrent de 
novo CNVs, including duplications of the 7q11. 23 Williams syndrome region, are strongly 
associated with autism. Neuron, 70(5), pp.863-885 
 
Sarraf, M.A., Pestow, R.N. and Fernandes, H.B., 2017. Social Epistasis Amplifies the Fitness 
Costs of Deleterious Mutations, Engendering Rapid Fitness Decline Among Modernized 
Populations. Evolutionary Psychological Science, 3(2), pp.181-191 
 
Sapolsky, R.M., 2005. The influence of social hierarchy on primate health. Science, 308(5722), 
pp.648-652 
 
Saxena, K., Webster, J., Hallas-Potts, A., MacKenzie, R., Spooner, P.A., Thomson, D., Kind, P., 
Chatterji, S. and Morris, R.G.M., 2018. Experiential contributions to social dominance in a rat 
model of fragile-X syndrome. Proceedings of the Royal Society B: Biological 
Sciences, 285(1880), p.20180294 
 
Sekar, A., Bialas, A.R., de Rivera, H., Davis, A., Hammond, T.R., Kamitaki, N., Tooley, K., 
Presumey, J., Baum, M., Van Doren, V. and Genovese, G., 2016. Schizophrenia risk from 
complex variation of complement component 4. Nature, 530(7589), p.177 
 
Selby, L., Zhang, C. and Sun, Q.Q., 2007. Major defects in neocortical GABAergic inhibitory 
circuits in mice lacking the fragile X mental retardation protein. Neuroscience letters, 412(3), 
pp.227-232. 
 
Selimbeyoglu, A., Kim, C.K., Inoue, M., Lee, S.Y., Hong, A.S., Kauvar, I., Ramakrishnan, C., 
Fenno, L.E., Davidson, T.J., Wright, M. and Deisseroth, K., 2017. Modulation of prefrontal 
cortex excitation/inhibition balance rescues social behavior in CNTNAP2-deficient 
mice. Science translational medicine, 9(401), p.eaah6733. 
 
   References 
177 
 
Schiavone, S., Sorce, S., Dubois-Dauphin, M., Jaquet, V., Colaianna, M., Zotti, M., Cuomo, V., 
Trabace, L. and Krause, K.H., 2009. Involvement of NOX2 in the development of behavioral 
and pathologic alterations in isolated rats. Biological psychiatry, 66(4), pp.384-392. 
 
Schiavone, S., Jaquet, V., Sorce, S., Dubois-Dauphin, M., Hultqvist, M., Bäckdahl, L., Holmdahl, 
R., Colaianna, M., Cuomo, V., Trabace, L. and Krause, K.H., 2012. NADPH oxidase elevations 
in pyramidal neurons drive psychosocial stress-induced neuropathology. Translational 
psychiatry, 2(5), p.e111 
 
Schmidt, M.V., Scharf, S.H., Liebl, C., Harbich, D., Mayer, B., Holsboer, F. and Müller, M.B., 
2010. A novel chronic social stress paradigm in female mice. Hormones and behavior, 57(4), 
pp.415-420. 
Schmidt, M.V., Sterlemann, V., Ganea, K., Liebl, C., Alam, S., Harbich, D., Greetfeld, M., Uhr, 
M., Holsboer, F. and Müller, M.B., 2007. Persistent neuroendocrine and behavioral effects of 
a novel, etiologically relevant mouse paradigm for chronic social stress during 
adolescence. Psychoneuroendocrinology, 32(5), pp.417-429 
Schneider, T., Roman, A., Basta-Kaim, A., Kubera, M., Budziszewska, B., Schneider, K. and 
Przewłocki, R., 2008. Gender-specific behavioral and immunological alterations in an animal 
model of autism induced by prenatal exposure to valproic 
acid. Psychoneuroendocrinology, 33(6), pp.728-740 
 
Schuhr, B., 1987. Social structure and plasma corticosterone level in female albino mice. 
Physiology & behavior, 40(6), pp.689-693. 
 
Schwaller, B., Meyer, M. and Schiffmann, S., 2002. ‘New’functions for ‘old’proteins: the role 
of the calcium-binding proteins calbindin D-28k, calretinin and parvalbumin, in cerebellar 
physiology. Studies with knockout mice. The cerebellum, 1(4), pp.241-258. 
 
Shipman, S.L. and Nicoll, R.A., 2012. Dimerization of postsynaptic neuroligin drives synaptic 
assembly via transsynaptic clustering of neurexin. Proceedings of the National Academy of 
Sciences, 109(47), pp.19432-19437 
 
Shivers, C.M., Jackson, J.B. and McGregor, C.M., 2018. Functioning Among Typically 
Developing Siblings of Individuals with Autism Spectrum Disorder: A Meta-Analysis. Clinical 
child and family psychology review, pp.1-25. 
 
Spencer, C.M., Alekseyenko, O., Serysheva, E., Yuva‐Paylor, L.A. and Paylor, R., 2005. Altered 
anxiety‐related and social behaviors in the Fmr1 knockout mouse model of fragile X 
syndrome. Genes, Brain and Behavior, 4(7), pp.420-430 
 
So, N., Franks, B., Lim, S. and Curley, J.P., 2015. A social network approach reveals 
associations between mouse social dominance and brain gene expression. PloS one, 10(7), 
p.e0134509. 
 
Sohal, V.S., Zhang, F., Yizhar, O. and Deisseroth, K., 2009. Parvalbumin neurons and gamma 
rhythms enhance cortical circuit performance. Nature, 459(7247), p.698. 
 
   References 
178 
 
Stagkourakis, S., Spigolon, G., Williams, P., Protzmann, J., Fisone, G. and Broberger, C., 2018. 
A neural network for intermale aggression to establish social hierarchy. Nature 
neuroscience, 21(6), p.834. 
 
Sterlemann, V., Ganea, K., Liebl, C., Harbich, D., Alam, S., Holsboer, F., Müller, M.B. and 
Schmidt, M.V., 2008. Long-term behavioral and neuroendocrine alterations following chronic 
social stress in mice: implications for stress-related disorders. Hormones and behavior, 53(2), 
pp.386-394. 
 
Stoner, R., Chow, M.L., Boyle, M.P., Sunkin, S.M., Mouton, P.R., Roy, S., Wynshaw-Boris, A., 
Colamarino, S.A., Lein, E.S. and Courchesne, E., 2014. Patches of disorganization in the 
neocortex of children with autism. New England Journal of Medicine, 370(13), pp.1209-1219. 
 
Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X.N., Kubo, C. and Koga, Y., 2004. 
Postnatal microbial colonization programs the hypothalamic–pituitary–adrenal system for 
stress response in mice. The Journal of physiology, 558(1), pp.263-275. 
 
Südhof, T.C., 2008. Neuroligins and neurexins link synaptic function to cognitive 
disease. Nature, 455(7215), p.903. 
 
Tabouy, L., Getselter, D., Ziv, O., Karpuj, M., Tabouy, T., Lukic, I., Maayouf, R., Werbner, N., 
Ben-Amram, H., Nuriel-Ohayon, M. and Koren, O., 2018. Dysbiosis of microbiome and 
probiotic treatment in a genetic model of autism spectrum disorders. Brain, behavior, and 
immunity 
 
Tanaka, K.F., Ahmari, S.E., Leonardo, E.D., Richardson-Jones, J.W., Budreck, E.C., Scheiffele, 
P., Sugio, S., Inamura, N., Ikenaka, K. and Hen, R., 2010. Flexible Accelerated STOP 
Tetracycline Operator-knockin (FAST): a versatile and efficient new gene modulating 
system. Biological psychiatry, 67(8), pp.770-773. 
 
Tang, G., Gudsnuk, K., Kuo, S.H., Cotrina, M.L., Rosoklija, G., Sosunov, A., Sonders, M.S., 
Kanter, E., Castagna, C., Yamamoto, A. and Yue, Z., 2014. Loss of mTOR-dependent 
macroautophagy causes autistic-like synaptic pruning deficits. Neuron, 83(5), pp.1131-1143 
 
Tanguay, P.E., Robertson, J. and Derrick, A., 1998. A dimensional classification of autism 
spectrum disorder by social communication domains. Journal of the American Academy of 
Child & Adolescent Psychiatry, 37(3), pp.271-27 
 
Tao, H., Chen, F., Luo, H., Yang, X., Liu, Y. and Tang, Y., 2017. The levels of complement 
component 3, complement component 4, high sensitivity C reactive protein, and uric acid in 
serum of schizophrenia. Chinese Journal of Nervous and Mental Diseases, 43(9), pp.544-548 
 
Teramoto, T., Qiu, J., Plumier, J.C. and Moskowitz, M.A., 2003. EGF amplifies the replacement 
of parvalbumin-expressing striatal interneurons after ischemia. The Journal of clinical 
investigation, 111(8), pp.1125-1132. 
 
Terranova, M.L., Laviola, G., De Acetis, L. and Alleva, E., 1998. A description of the ontogeny 
of mouse agonistic behavior. Journal of comparative psychology, 112(1), p.3 
 
   References 
179 
 
Tidey, J.W. and Miczek, K.A., 1996. Social defeat stress selectively alters mesocorticolimbic 
dopamine release: an in vivo microdialysis study. Brain research, 721(1-2), pp.140-149 
 
Torquet, N., Marti, F., Campart, C., Tolu, S., Nguyen, C., Oberto, V., Benallaoua, M., Naudé, 
J., Didienne, S., Debray, N. and Jezequel, S., 2018. Social interactions impact on the 
dopaminergic system and drive individuality. Nature communications, 9(1), p.3081 
 
Toth, K., Dawson, G., Meltzoff, A.N., Greenson, J. and Fein, D., 2007. Early social, imitation, 
play, and language abilities of young non-autistic siblings of children with autism. Journal of 
autism and developmental disorders, 37(1), pp.145-15 
 
Tsai, L.Y. and Beisler, J.M., 1983. The development of sex differences in infantile autism. The 
British Journal of Psychiatry, 142(4), pp.373-378. 
 
Ueno, H., Suemitsu, S., Murakami, S., Kitamura, N., Wani, K., Okamoto, M., Matsumoto, Y. 
and Ishihara, T., 2017. Region-specific impairments in parvalbumin interneurons in social 
isolation-reared mice. Neuroscience, 359, pp.196-208 
 
Uhrich, J., 1938. The social hierarchy in albino mice. Journal of Comparative 
Psychology, 25(2), p.373. 
 
Van den Berg, W.E., Lamballais, S. and Kushner, S.A., 2015. Sex-specific mechanism of social 
hierarchy in mice. Neuropsychopharmacology, 40(6), p.1364 
 
Van Loo, P.L., Mol, J.A., Koolhaas, J.M., Van Zutphen, B.F. and Baumans, V., 2001. Modulation 
of aggression in male mice: influence of group size and cage size. Physiology & 
behavior, 72(5), pp.675-683. 
 
Vargas-Pérez, H., Sellings, L., Grieder, T. and Díaz, J.L., 2009. Social dominance rank influences 
wheel running behavior in mice. Neuroscience letters, 457(3), pp.137-140 
 
Vargas-Pérez, H., Sellings, L.H., Paredes, R.G., Prado-Alcalá, R.A. and Díaz, J.L., 2008. 
Reinforcement of wheel running in BALB/c mice: role of motor activity and endogenous 
opioids. Journal of motor behavior, 40(6), pp.587-593. 
 
Veenema, A.H., Bredewold, R. and Neumann, I.D., 2007. Opposite effects of maternal 
separation on intermale and maternal aggression in C57BL/6 mice: link to hypothalamic 
vasopressin and oxytocin immunoreactivity. Psychoneuroendocrinology, 32(5), pp.437-450 
 
Veening, J.G., Bouwknecht, J.A., Joosten, H.J., Dederen, P.J., Zethof, T.J., Groenink, L., van der 
Gugten, J. and Olivier, B., 2004. Stress-induced hyperthermia in the mouse: c-fos expression, 
corticosterone and temperature changes. Progress in Neuro-Psychopharmacology and 
Biological Psychiatry, 28(4), pp.699-707. 
 
Venkatesh, H.S., Johung, T.B., Caretti, V., Noll, A., Tang, Y., Nagaraja, S., Gibson, E.M., Mount, 
C.W., Polepalli, J., Mitra, S.S. and Woo, P.J., 2015. Neuronal activity promotes glioma growth 
through neuroligin-3 secretion. Cell, 161(4), pp.803-816 
 
   References 
180 
 
Venkatesh, H.S., Tam, L.T., Woo, P.J., Lennon, J., Nagaraja, S., Gillespie, S.M., Ni, J., Duveau, 
D.Y., Morris, P.J., Zhao, J.J. and Thomas, C.J., 2017. Targeting neuronal activity-regulated 
neuroligin-3 dependency in high-grade glioma. Nature, 549(7673), p.533 
 
Venna, V.R., Xu, Y., Doran, S.J., Patrizz, A. and McCullough, L.D., 2014. Social interaction plays 
a critical role in neurogenesis and recovery after stroke. Translational psychiatry, 4(1), p.e351 
 
Vogt, D., Cho, K.K., Lee, A.T., Sohal, V.S. and Rubenstein, J.L., 2015. The 
parvalbumin/somatostatin ratio is increased in Pten mutant mice and by human PTEN ASD 
alleles. Cell reports, 11(6), pp.944-956. 
 
Vreugdenhil, M., Jefferys, J.G., Celio, M.R. and Schwaller, B., 2003. Parvalbumin-deficiency 
facilitates repetitive IPSCs and gamma oscillations in the hippocampus. Journal of 
neurophysiology, 89(3), pp.1414-1422. 
 
Walf, A.A. and Frye, C.A., 2007. The use of the elevated plus maze as an assay of anxiety-
related behavior in rodents. Nature protocols, 2(2), p.322. 
 
Waltes, R., Duketis, E., Knapp, M., Anney, R.J., Huguet, G., Schlitt, S., Jarczok, T.A., Sachse, 
M., Kämpfer, L.M., Kleinböck, T. and Poustka, F., 2014. Common variants in genes of the 
postsynaptic FMRP signalling pathway are risk factors for autism spectrum disorders. Human 
genetics, 133(6), pp.781-792. 
 
Wang, J., Tao, Y., Song, F., Sun, Y., Ott, J. and Saffen, D., 2015. Common regulatory variants 
of CYFIP1 contribute to susceptibility for Autism Spectrum Disorder (ASD) and classical 
autism. Annals of human genetics, 79(5), pp.329-340 
 
Wang, T., Guo, H., Xiong, B., Stessman, H.A., Wu, H., Coe, B.P., Turner, T.N., Liu, Y., Zhao, W., 
Hoekzema, K. and Vives, L., 2016. De novo genic mutations among a Chinese autism spectrum 
disorder cohort. Nature communications, 7, p.13316 
 
Wang, F., Zhu, J., Zhu, H., Zhang, Q., Lin, Z. and Hu, H., 2011. Bidirectional control of social 
hierarchy by synaptic efficacy in medial prefrontal cortex. Science, 334(6056), pp.693-697. 
 
Warne, M.C., 1947. A time analysis of certain aspects of the behavior of small groups of caged 
mice. Journal of comparative and physiological psychology, 40(6), p.371. 
 
Weidt, A., Gygax, L., Palme, R., Touma, C. and König, B., 2018. Impact of male presence on 
female sociality and stress endocrinology in wild house mice (Mus musculus 
domesticus). Physiology & behavior, 189, pp.1-9. 
 
Weiss, L.A., Arking, D.E. and Gene Discovery Project of Johns Hopkins & the Autism 
Consortium, 2009. A genome-wide linkage and association scan reveals novel loci for 
autism. Nature, 461(7265), p.802. 
 
Weiss, I.C., Pryce, C.R., Jongen-Rêlo, A.L., Nanz-Bahr, N.I. and Feldon, J., 2004. Effect of social 
isolation on stress-related behavioural and neuroendocrine state in the rat. Behavioural 
brain research, 152(2), pp.279-295. 
 
   References 
181 
 
Westenbroek, C., Den Boer, J.A., Veenhuis, M. and Ter Horst, G.J., 2004. Chronic stress and 
social housing differentially affect neurogenesis in male and female rats. Brain research 
bulletin, 64(4), pp.303-308. 
 
Whitney, G., Coble, J.R., Stockton, M.D. and Tilson, E.F., 1973. Ultrasonic emissions: Do they 
facilitate courtship of mice?. Journal of comparative and physiological psychology, 84(3), 
p.445. 
 
Williamson, C.M., Lee, W. and Curley, J.P., 2016. Temporal dynamics of social hierarchy 
formation and maintenance in male mice. Animal behaviour, 115, pp.259-272 
 
Williamson, C.M., Franks, B. and Curley, J.P., 2016. Mouse social network dynamics and 
community structure are associated with plasticity-related brain gene expression. Frontiers 
in behavioral neuroscience, 10, p.152 
 
Wobber, V., Hare, B., Maboto, J., Lipson, S., Wrangham, R. and Ellison, P.T., 2010. Differential 
changes in steroid hormones before competition in bonobos and chimpanzees. Proceedings 
of the National Academy of Sciences, 107(28), pp.12457-12462.  
 
Wohleb, E.S., Hanke, M.L., Corona, A.W., Powell, N.D., La'Tonia, M.S., Bailey, M.T., Nelson, 
R.J., Godbout, J.P. and Sheridan, J.F., 2011. β-Adrenergic receptor antagonism prevents 
anxiety-like behavior and microglial reactivity induced by repeated social defeat. Journal of 
Neuroscience, 31(17), pp.6277-6288. 
 
Woodley of Menie, M.A, Sarraf, M.A., Pestow, R.N. and Fernandes, H.B., 2017. Social epistasis 
amplifies the fitness costs of deleterious mutations, engendering rapid fitness decline among 
modernized populations. Evolutionary Psychological Science, 3(2), pp.181-191. 
 
Wöhr, M., Roullet, F.I. and Crawley, J.N., 2011. Reduced scent marking and ultrasonic 
vocalizations in the BTBR T+ tf/J mouse model of autism. Genes, Brain and Behavior, 10(1), 
pp.35-43 
Wöhr, M., Orduz, D., Gregory, P., Moreno, H., Khan, U., Vörckel, K.J., Wolfer, D.P., Welzl, H., 
Gall, D., Schiffmann, S.N. and Schwaller, B., 2015. Lack of parvalbumin in mice leads to 
behavioral deficits relevant to all human autism core symptoms and related neural 
morphofunctional abnormalities. Translational psychiatry, 5(3), p.e525 
 
Wulff, P., Ponomarenko, A.A., Bartos, M., Korotkova, T.M., Fuchs, E.C., Bähner, F., Both, M., 
Tort, A.B., Kopell, N.J., Wisden, W. and Monyer, H., 2009. Hippocampal theta rhythm and its 
coupling with gamma oscillations require fast inhibition onto parvalbumin-positive 
interneurons. Proceedings of the National Academy of Sciences, 106(9), pp.3561-3566 
 
Xu, X.J., Zhang, H.F., Shou, X.J., Li, J., Jing, W.L., Zhou, Y., Qian, Y., Han, S.P., Zhang, R. and 
Han, J.S., 2015. Prenatal hyperandrogenic environment induced autistic-like behavior in rat 
offspring. Physiology & behavior, 138, pp.13-20. 
 
Yang, M., Abrams, D.N., Zhang, J.Y., Weber, M.D., Katz, A.M., Clarke, A.M., Silverman, J.L. and 
Crawley, J.N., 2012. Low sociability in BTBR T+ tf/J mice is independent of partner 
strain. Physiology & behavior, 107(5), pp.649-662. 
 
   References 
182 
 
Yang, M., Lewis, F., Foley, G. and Crawley, J.N., 2015. In tribute to Bob Blanchard: Divergent 
behavioral phenotypes of 16p11. 2 deletion mice reared in same-genotype versus mixed-
genotype cages. Physiology & behavior, 146, pp.16-27 
 
Yang, M., Perry, K., Weber, M.D., Katz, A.M. and Crawley, J.N., 2011. Social peers rescue 
autism‐relevant sociability deficits in adolescent mice. Autism Research, 4(1), pp.17-27 
 
Yirmiya, N. and Charman, T., 2010. The prodrome of autism: early behavioral and biological 
signs, regression, peri‐and post‐natal development and genetics. Journal of Child Psychology 
and Psychiatry, 51(4), pp.432-458 
 
Yirmiya, N., Gamliel, I., Pilowsky, T., Feldman, R., Baron‐Cohen, S. and Sigman, M., 2006. The 
development of siblings of children with autism at 4 and 14 months: Social engagement, 
communication, and cognition. Journal of Child Psychology and Psychiatry, 47(5), pp.511-
523. 
 
Yu, J., He, X., Yao, D., Li, Z., Li, H. and Zhao, Z., 2011. A sex-specific association of common 
variants of neuroligin genes (NLGN3 and NLGN4X) with autism spectrum disorders in a 
Chinese Han cohort. Behavioral and Brain Functions, 7(1), p.13 
 
Zhou, T., Zhu, H., Fan, Z., Wang, F., Chen, Y., Liang, H., Yang, Z., Zhang, L., Lin, L., Zhan, Y. and 
Wang, Z., 2017. History of winning remodels thalamo-PFC circuit to reinforce social 
dominance. Science, 357(6347), pp.162-168 
 
Zikopoulos, B. and Barbas, H., 2013. Altered neural connectivity in excitatory and inhibitory 
cortical circuits in autism. Frontiers in human neuroscience, 7, p.609. 
 
Zilla, P., Celio, M.R., Fasol, R. and Zenker, W., 1985. Ectopic parvalbumin-positive cells in the 
cerebellum of the adult mutant mouse ‘nervous’. Cells Tissues Organs, 124(3-4), pp.181-187. 
 
Zink, C.F., Tong, Y., Chen, Q., Bassett, D.S., Stein, J.L. and Meyer-Lindenberg, A., 2008. Know 
your place: neural processing of social hierarchy in humans. Neuron, 58(2), pp.273-283. 
 
   
 
 
 
 
 
 
 
   Appendix 
 
183 
 
Appendix 
 
1.0. Cre doesn’t influence the behaviour of adult female wild-type mice 
Preliminary experiments demonstrated that the presence of the Pvalbcre/+ construct had no 
effect on the behaviours of wild-type mice. This work was conducted on adult female 
Nlgn3+/+Pvalbcre/+ mice and their Nlgn3+/+ littermates. The litters were generated from 
Nlgn3+/+Pvalbcre/+ females crossed with Nlgn3y/+ mice.  When the direct social interaction of 
the mice with an unfamiliar female was assessed, no difference was observed in the social 
behaviour of Nlgn3+/+ mice compared to Nlgn3+/+Pvalbcre/+ mice (Figure A1.1A, Nlgn3+/+ mice 
n = 9, Nlgn3+/+Pvalbcre/+ mice n = 10, independent samples t-test P = 0.904). No difference was 
observed on the open field activity of Nlgn3+/+ mice compared to Nlgn3+/+Pvalbcre/+ mice 
(Figure A1.1B, Nlgn3+/+ mice n = 9, Nlgn3+/+Pvalbcre/+ mice n = 10, independent samples t-test 
P = 0.573). No difference was observed on the open field thigmotaxis of Nlgn3+/+ mice 
compared to Nlgn3+/+Pvalbcre/+ mice (ratio distance in the centre / total distance travelled, 
figure A1.1C, independent samples t-test P = 0.545, time in the centre, figure A1.1D, 
independent samples t-test P = 0.757, Nlgn3+/+ mice n = 9, Nlgn3+/+Pvalbcre/+ mice n = 10). This 
indicates that the presence of the Pvalbcre/+ construct itself does not influence behaviour.  
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Figure A1.1, Cre has no effect on the behaviour on adult wild-type female mice.                         
A, Average time and standard error (SE) in interaction (seconds) of Nlgn3+/+ mice, 84.4 
(SE:8.1), Nlgn3+/+Pvalbcre/+ mice, 85.7(SE:4.9). B, Average distance travelled and standard 
error (SE) (cm) of Nlgn3+/+ mice, 3302.2 (SE:434.8), Nlgn3+/+Pvalbcre/+  mice, 3656.8 
(SE:435.3. C, Average ratio distance in the centre / total distance travelled and standard 
error (SE) of Nlgn3+/+ mice, 0.209 (SE:0.028), Nlgn3+/+Pvalbcre/+ mice, 0.229 (SE:0.015). D, 
Average ratio distance in the centre / total distance travelled and standard error (SE) of 
Nlgn3+/+ mice, 162.0 (SE:26.3), Nlgn3+/+Pvalbcre/+ mice, 150.0 (SE:27.6).  
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2.0 Details of reagents for materials and methods   
 
2.1. Reagents used for genotyping  
TBE buffer 
Tris Base 54 grams 
Boric acid 27.5 grams 
EDTA (pH 8.0) 20ml 0.5 M 
pH to 8.3  
 
2% agarose gel 
Agarose 1.4 grams 
TBE 70 ml 
Ethidium bromide 1.4 µl 
 
1% agarose gel 
Agarose 0.7 grams 
TBE 70 ml 
Ethidium bromide 1.4 µl 
 
2.2. Reagents used for protein extraction and western blot  
 
20x MES running buffer  
MES 97.60 grams 
Tris Base 60.60 grams 
SDS 10.0 grams 
EDTA 3.0 grams 
Water to 500 ml 
 
 
   Appendix 
 
186 
 
10x NuPage buffer  
Bicine 40.8 grams 
Bis-Tris 52.3 grams 
EDTA 3 grams 
 
NuPage buffer working buffer 
10x NuPage buffer 100 ml 
Isopropanol 142 ml 
Water 758 ml 
 
10x TBS 
Tris Base 30 grams 
NaCl 80 grams 
KCl 2 grams 
pH to 7.5 with HCl 
Water to 1 litre 
 
TBS-T 
100 ml 10x TBS  
100 µl tween 
900 ml water 
 
Blocking agent 
5 grams milk 
TBS-T to 100 ml  
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3.0. Western blots used for quantification of Neuroligin-3 expression in Nlgn3y/-Pvalbcre/+ 
and Nlgn3y/+Pvalbcre/+mice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.1. Western blots used for quantification of Neuroligin-3 levels in Nlgn3y/-
Pvalbcre/+ mice and Nlgn3y/+Pvalbcre/+ mice. 
 
Neuroligin-3 
 
Beta-actin 
Neuroligin-3 
 
Beta-actin 
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Figure A3.1, continued. 
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HDAC2 
Neuroligin-2 
Neuroligin-3 
PSD-95 
MeCP2 
4.0. Characterisation of the synaptosome and the MeCP2 antibody  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure A4.1. Validation of synaptosome prep and MeCP2 antibody. A, Validation of the 
synaptosome preperation. The synaptosome does not contain nuclear markers (HDAC), 
it contains markers for inhibitory synapses (Neuroligin-2), excitatory synapses (PSD-95). 
It also contains neuroligin 3 and MeCP2. Cx indicates cortex, Str indicates striatum, Cb 
indicates cerebellum. B, validation of the MeCP2 antibody on the synapses taken from 
wither wild-type mice or MECP2 knockout mice. Cx indicates cortex, Str indicates 
striatum, Cb indicates cerebellum. 
 
A 
B 
Neuroligin-3 
MeCP2 
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5.0. Additional information pertaining to the experiments 
 
• Table A5.1 Detailed information on the mice used in the experiments. 
• Table A5.2. Detailed accounts of the statistical outputs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A5.1 Detailed information on the mice used in the experiments. 
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Figure Experimental 
group 
Number 
of 
different 
cages of 
mice 
Number 
of 
different 
breeding 
females 
used 
Past experiments  
3.1.A 
Within cage tube 
test MGH 
 N = 15 n = 10 N = 15, adult open field 
activity and courtship USV 
vocalisation  
N = 3, Juvenile open field 
activity and social behaviour 
3.1.D 
Within cage tube 
test PV-MGH 
 N = 5 n = 4 N = 5, Juvenile open field 
activity, social behaviour 
N = 5, adult open field and 
courtship USV  
3.2.A, tube test 
against 
unfamiliar mice 
MGH  N = 7 n = 5 N = 5, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 7, Adult open field 
activity, courtship USV 
SGHNlgn3y/+ N = 7 n = 6 N = 3, Juvenile open field 
activity, social behaviour 
N = 7, Adult open field 
activity, courtship USV  
SGH Nlgn3y/- N = 5 n = 3 N = 3, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 5, adult open field, 
courtship USV, elevated plus 
maze 
Pvalb N = 5 n = 4 N = 5, Juvenile open field 
activity, social behaviour 
N = 5, adult open field and 
courtship USV 
3.2.B, 
testosterone 
levels 
MGH  N = 5 n = 4 N = 5, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 5, Adult open field 
activity, courtship USV, tube 
test 
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SGHNlgn3y/+ N = 7 n = 6 N = 4, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 7, Adult open field 
activity, courtship USV, tube 
test  
SGH Nlgn3y/- N = 5 n = 5 N = 5, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 5, adult open field, 
courtship USV,  
Pvalb N = 6 n = 4 N = 6, Juvenile open field 
activity, social behaviour 
N = 6, adult open field and 
courtship USV 
3.3.A, Number of 
USV 
 
3.3.B, Duration 
of USV 
 
3.3.C, time in 
interaction with 
female 
MGH  N = 7 n = 5 N = 5, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 7, Adult open field 
activity, courtship USV 
SGHNlgn3y/+ N = 4 n = 3 N = 4, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 4, Adult open field 
activity, elevated plus maze. 
SGH Nlgn3y/- N = 3 n = 3 N = 3, Juvenile open field 
activity, social behaviour, 
elevated plus maze 
N = 3, Adult open field, 
courtship USV. 
Pvalb N = 5 n = 4 N = 5, Juvenile open field 
activity, social behaviour 
N = 5, Adult open field, and 
courtship USV. 
 
3.3.D, 
correlation of 
USV and tube 
test 
MGH  N = 6 n = 3 N = 6 Juvenile open field 
activity, social behaviour 
N = 6 Adult open field 
activity, courtship USV, tube 
test 
SGHNlgn3y/+ N = 7  n = 5 N = 7, Juvenile open field 
activity, social behaviour 
N = 7, Adult open field, 
courtship USV, tube test. 
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3.4.A, Social 
interaction of 
adult female 
mice 
Nlgn3+/+ MGH 
Nlgn3+/- (H-WT) 
N = 7 n = 6 N = 7, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 7, adult open field 
activity, elevated plus maze. 
Nlgn3-/-MGH 
Nlgn3+/- (H-KO) 
N = 4 n = 3  N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity, elevated plus maze. 
3.4.B, Social 
interaction of 
adult Nlgn3+/+ 
mice 
Nlgn3+/+ MGH 
 
N = 7 n = 6 N = 7, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 7, adult open field 
activity, elevated plus maze. 
Nlgn3+/+ SGH 
 
N = 4 n = 3 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity, elevated plus maze. 
3.4.C, social 
interaction of 
adult  Nlgn3-/- 
mice 
Nlgn3-/-MGH 
 
N = 4 n = 3  N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity, elevated plus maze. 
Nlgn3-/- SGH 
 
N = 3 n = 3 N = 3, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 3, adult open field 
activity, elevated plus maze. 
Nlgn3-/- 
Pvalbcre/+ 
 
N = 6 n = 2 N = 6, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 6, adult open field 
activity, elevated plus maze. 
3.5.A, total 
duration calling 
to female mice 
 
3.5.B, number of 
calls to female 
mice 
Nlgn3+/+ N = 5 n = 5 N = 5, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 5, adult open field 
activity, elevated plus maze. 
Nlgn3+/- N = 6 n = 6 N = 6, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 6, adult open field 
activity, elevated plus maze. 
Nlgn3-/- N = 3 n = 3 N = 3, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
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N = 3, adult open field 
activity, elevated plus maze. 
3.5.C, pup 
retrieval of 
female mice 
Nlgn3+/+ N = 7 n = 7 N = 2, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 2, adult open field 
activity, elevated plus maze. 
Nlgn3+/- N = 9 n = 8 N = 2, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 2, adult open field 
activity, elevated plus maze. 
Nlgn3-/- N = 7 n = 6 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity, elevated plus maze. 
3.6.A. Juvenile 
male and female 
social interaction 
MGHNlgn3y/+ N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
MGHNlgn3+/+ N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
MGHNlgn3y/- N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
MGHNlgn3-/- N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
SGHNlgn3y/+ N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
SGHNlgn3y/- N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
SGHNlgn3+/+ N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
SGHNlgn3-/- N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
3.6B Juvenile 
male social 
interaction 
MGH  N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
SGHNlgn3y/+ N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
SGH Nlgn3y/- N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
Pvalb N = 6 n = 4 N = 6, open field activity, 
elevated plus maze 
3.7A, social 
interaction of 
juvenile female 
mice 
Nlgn3+/+ MGH 
Nlgn3+/- (H-WT) 
N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
Nlgn3-/-MGH 
Nlgn3+/- (H-KO) 
N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
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3.7B, social 
interaction of 
juvenile Nlgn3+/+ 
mice 
Nlgn3+/+ MGH 
 
N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
Nlgn3+/+ SGH 
 
N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
3.7C, social 
interaction of 
juvenile Nlgn3-/- 
mice 
Nlgn3-/-MGH 
 
N = 4 n = 3 N = 4, open field activity, 
elevated plus maze 
Nlgn3-/- SGH 
 
N = 5 n = 4 N = 5, open field activity, 
elevated plus maze 
Nlgn3-/- 
Pvalbcre/+ 
 
N = 6 n = 2 N = 6, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
4.1. Adult male 
activity 
4.2.A. Adult male 
ratio distance in 
the centre 
4.2.B. Adult male 
time in the 
centre 
MGH  N = 8 n = 7 N = 8, juvenile open field 
activity, elevated plus maze, 
social behaviour 
SGHNlgn3y/+ N = 4 n = 3 N = 4, juvenile open field 
activity, elevated plus maze, 
social behaviour 
SGH Nlgn3y/- N = 3 n = 2 N = 3, juvenile open field 
activity, elevated plus maze, 
social behaviour 
Pvalb N = 6 n = 4 N = 6, Juvenile open field 
activity, social behaviour 
4.3. Adult male 
elevated plus 
maze 
MGH  N = 8 n = 7 N = 8, juvenile open field 
activity, elevated plus maze, 
social behaviour, adult open 
field arena 
SGHNlgn3y/+ N = 4 n = 3 N = 4, juvenile open field 
activity, elevated plus maze, 
social behaviour, adult open 
field arena 
SGH Nlgn3y/- N = 3 n = 2 N = 3, juvenile open field 
activity, elevated plus maze, 
social behaviour 
Pvalb N = 6 n = 2 N = 6, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
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4.4.A. Adult 
Nlgn3+/+ MGH, 
Nlgn3+/- , and 
Nlgn3-/- MGH 
activity  
 
4.5.A-B. Adult 
Nlgn3+/+ MGH, 
Nlgn3+/-, and 
Nlgn3-/- MGH 
ratio distance 
centre and time 
in centre 
Nlgn3+/+ MGH 
Nlgn3+/- (H-WT) 
N = 7 n = 6 N = 7, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
 
Nlgn3-/-MGH 
Nlgn3+/- (H-KO) 
N = 4 n = 3 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
4.4.B. Adult 
female activity 
Nlgn3+/+  
 
4.5.C-D. Adult 
Nlgn3+/+ ratio 
distance centre 
and the time in 
the centre 
Nlgn3+/+ MGH 
 
N = 7 n = 6 N = 7, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
 
Nlgn3+/+ SGH 
 
N = 4 n = 3 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
 
 
 
 
 
4.4.C. Adult 
female Nlgn3-/- 
activity 
 
4.5.E-F. Adult 
Nlgn3-/- ratio 
distance centre 
and time in 
centre 
Nlgn3-/-MGH 
 
N = 4 n = 3 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
Nlgn3-/- SGH 
 
N = 4 n = 4 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
Nlgn3-/- 
Pvalbcre/+ 
 
N = 6 n = 2 N = 6, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
4.6.A. Adult 
Nlgn3+/+ MGH, 
Nlgn3+/- , and 
Nlgn3-/- MGH 
Nlgn3+/+ MGH 
Nlgn3+/- (H-WT) 
N = 7 n = 6 N = 7, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 7, adult open field 
activity 
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elevated plus 
maze 
 
Nlgn3-/-MGH 
Nlgn3+/- (H-KO) 
N = 4 n = 3 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity 
 
4.6.B. Adult 
Nlgn3+/+ elevated 
plus maze 
Nlgn3+/+ MGH 
 
N = 7 n = 6 N = 7, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 7, adult open field 
activity 
Nlgn3+/+ SGH 
 
N = 3 n = 3 N = 3, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 3, adult open field 
activity 
4.6.C. Adult 
female Nlgn3-/-
elevated plus 
maze 
Nlgn3-/-MGH 
 
N = 4 n = 3 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity 
Nlgn3-/- SGH 
 
N = 4 n = 4 N = 4, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 4, adult open field 
activity 
Nlgn3-/- 
Pvalbcre/+ 
 
N = 6 n = 2 N = 6, juvenile open field 
activity, social behaviour, and 
elevated plus maze 
N = 6, adult open field 
activity 
4.7. Juvenile 
male activity 
4.8.A-B. Juvenile 
male ratio 
distance in the 
centre and time 
in the centre 
MGH  N = 8 n = 7 Handling only  
SGHNlgn3y/+ N = 4 n = 3 Handling only  
SGH Nlgn3y/- N = 6 n = 5 Handling only  
Pvalb N = 6 n = 2 Handling only  
MGH  N = 8 n = 7 N = 8, juvenile open field 
arena 
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4.9. Juvenile 
male elevated 
plus maze 
SGHNlgn3y/+ N = 4 n = 3 N = 4, juvenile open field 
arena 
SGH Nlgn3y/- N = 6 n = 5 N = 6, juvenile open field 
arena 
Pvalb N = 6 n = 2 N = 6, juvenile open field 
arena 
4.10.A. Juvenile 
Nlgn3+/+ MGH, 
Nlgn3+/- , and 
Nlgn3-/- MGH 
female activity 
 
4.11.A-B. 
Juvenile Nlgn3+/+ 
MGH, Nlgn3+/-, 
and Nlgn3-/- 
MGH ratio 
distance centre 
and time in 
centre 
Nlgn3+/+ MGH 
Nlgn3+/- (H-WT) 
N = 8 n = 8 Handling only  
Nlgn3-/-MGH 
Nlgn3+/- (H-KO) 
N = 7 n = 4 Handling only  
 
 
 
 
 
4.10.B. Juvenile 
Nlgn3+/+ activity 
 
4.11.C-D 
Juvenile Nlgn3+/+ 
MGH and SGH 
ratio distance 
centre and time 
in centre 
 
 
 
 
Nlgn3+/+ MGH 
 
N = 8 n = 8 Handling only  
Nlgn3+/+ SGH N = 4 n = 3 Handling only  
 
 
4.10.C. Juvenile 
Nlgn3-/- activity 
 
4.11.E-F. 
Juvenile Nlgn3-/- 
MGH and SGH, 
and Nlgn3-/-
Pvalbcre/+  ratio 
distance centre 
Nlgn3-/-MGH 
 
N = 7 n = 4 Handling only  
Nlgn3-/- SGH 
 
N = 4 n = 4 Handling only  
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and time in 
centre 
Nlgn3-/- 
Pvalbcre/+ 
 
N = 6 n = 2 Handling only  
4.12.A. 
Juvenile Nlgn3+/+ 
MGH, Nlgn3+/-, 
and Nlgn3-/- 
MGH elevated 
plus maze 
Nlgn3+/+ MGH 
Nlgn3+/- (H-WT) 
N = 8 n = 8 N = 8, juvenile open field 
activity 
Nlgn3-/-MGH 
Nlgn3+/- (H-KO) 
N = 7 n = 4 N = 7, juvenile open field 
activity 
4.12.B 
Juvenile Nlgn3+/+ 
MGH and SGH  
elevated plus 
maze 
Nlgn3+/+ MGH 
 
N = 8 n = 8 N = 8, juvenile open field 
activity 
Nlgn3+/+ SGH 
 
N = 4 n = 3 N = 4, juvenile open field 
activity 
4.12.C. 
Juvenile Nlgn3-/- 
MGH and SGH, 
and Nlgn3-/-
Pvalbcre/+  
elevated plus 
maze 
Nlgn3-/-MGH 
 
N = 7 n = 4 N = 7, juvenile open field 
activity 
Nlgn3-/- SGH 
 
N = 4 n = 4 N = 4, juvenile open field 
activity 
Nlgn3-/- 
Pvalbcre/+ 
 
N = 6 n = 2 N = 6, juvenile open field 
activity 
5.1.A - F 
PC1 and PC2 
Striatum and 
hippocampus 
 
MGH  N = 2 n = 2 Handling only  
SGHNlgn3y/+ N = 1 n = 1 Handling only 
SGH Nlgn3y/- N = 1 n = 1 Handling only 
5.3.A-B 
C4 Hippocampus 
and striatum 
MGH  N = 4 n = 4 Handling only  
SGHNlgn3y/+ N = 2 n = 2 Handling only  
SGH Nlgn3y/- N = 2 n = 2 Handling only  
 
5.4.A-B 
C3 Striatum and 
hippocampus 
MGH  N = 4 n = 4 Handling only  
SGHNlgn3y/+ N = 2 n = 2 Handling only  
SGH Nlgn3y/- N = 2 n = 2 Handling only  
A1.1A Nlgn3+/+ 
and 
 N = 3 n = 2 N = 3 open field activity  
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Nlgn3+/+Pvalbcre/+ 
social interaction  
A1.1B-C Nlgn3+/+ 
and 
Nlgn3+/+Pvalbcre/+ 
thigmotaxis  
 N = 3 n = 2 N = 3 open field activity and 
social interaction 
 
Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A5.2. Detailed accounts of the statistical outputs.  
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Figure Shapiro-Wilk 
test 
of normality 
Test for 
Equality of 
variances 
Type of test Sample size 
3.1.A 
Within cage 
tube test 
MGH 
Nlgn3y/- mice                
P = 0.00015 
Nlgn3y/+ mice              
P = 0.001 
Levenes test 
P = 0.716 
Mann-Whitney U  
P = 0.025 
Test statistic = 104.5 
Nlgn3y/- mice    
n = 19 
Nlgn3y/+ mice    
n = 19 
3.1.D 
Within cage 
tube test 
PV-MGH 
Nlgn3y/-
Pvalbcre/+                   
P = 0.195 
Nlgn3y/+ 
Pvalbcre/+ 
mice                                   
P = 0.408 
Levenes test 
 
P = 0.732 
Independent samples t- 
test 
P = 0.732 
df = 15 
Nlgn3y/-
Pvalbcre/+ n = 8 
Nlgn3y/+ 
Pvalbcre/+ 
mice n = 9 
3.2.A, tube 
test against 
unfamiliar 
mice 
Nlgn3y/+ SGH               
P =0.008 
Nlgn3y/-SGH               
P =0.011 
Nlgn3y/+ MGH             
P = 0.02 
Nlgn3y/- MGH           
P =0.004 
Nlgn3y/+Pvalbcre/
+                                   
P =0.194 
Nlgn3y/-
Pvalbcre/+                    
P =0.025 
Levenes test 
 
P = 0.123 
F = 1.811 
Independent samples 
Kruskal-Wallis P = 0.027 
Two-way ANOVA 
Social dominance 
environment: 
P = 0.003, F (2,74) = 6.423, 
df = 2, Power = 0.892 
Genotype: 
P = 0.809, F (1 ,74) = 0.020, 
df = 1, Power = 0.053 
Social dominance 
environment x 
genotype: 
P = 0.527, F (1,74) = 0.145, 
df = 2, Power = 0.172 
Followed by Bonferroni 
adjusted post-hoc 
analysis and confirmed 
on a transformed 
dataset. 
Nlgn3y/+ SGH        
n = 15 
Nlgn3y/-SGH       
n = 12 
Nlgn3y/+MGH       
n = 16 
Nlgn3y/-MGH    
n =13 
Nlgn3y/+Pvalbcre/
+ n = 9 
Nlgn3y/-
pvalbcre/+ n =8 
3.2.B, 
testosteron
e levels 
Nlgn3y/+ SGH                   
P =0.868 
Nlgn3y/-SGH                 
P =0.230 
Nlgn3y/+ MGH          
P = 0.006 
Nlgn3y/- MGH                   
P = 0.015 
Levenes test 
 
P = 0.073 
F = 2.125 
Independent samples 
Kruskal-Wallis P = 0.002 
Two-way ANOVA 
Social dominance 
environment: 
P = 0.00039, F (2,54) = 
9.07, df = 2, Power = 
0.968 
Genotype: 
Nlgn3y/+ SGH        
n = 15 
Nlgn3y/-SGH      
n = 12 
Nlgn3y/+ MGH      
n = 10 
Nlgn3y/- MGH   
n = 8 
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Nlgn3y/+ 
Pvalbcre/+                    
P =0.297 
Nlgn3y/-
Pvalbcre/+                    
P =0.745 
P = 0.045, F (1,54) = 3.290, 
df = 2, Power = 0.601 
Social dominance 
environment x 
genotype: 
P = 0.026, F (2,54) = 3.901, 
df = 2, Power = 0.680 
Followed by Bonferroni 
adjusted post-hoc 
analysis and Bonferroni 
adjust pair-wise analysis 
and confirmed on a 
transformed dataset 
Nlgn3y/+ 
Pvalbcre/+ n = 9 
Nlgn3y/-
Pvalbcre/+ n = 6 
3.3.A, 
Number of 
USV 
Nlgn3y/+MGH              
P = 0.188 
Nlgn3y/-MGH             
P = 0.034 
Nlgn3y/+ SGH            
P = 0.251 
Nlgn3y/-SGH            
P = 0.008 
Nlgn3y/+Pvalbcre/
+        P = 0.961 
Nlgn3y/-
Pvalbcre/+                
P = 0.00 
Levenes test 
 
P = 0.333 
F = 1.171 
Independent samples 
Kruskal-Wallis P = 0.041 
Two-way ANOVA 
Social dominance 
environment: 
P = 0.756, F (2,68) = 0.281, 
df = 2, Power = 0.093 
Genotype: 
P = 0.00009, F (1,68) = 
10.61, df = 2, Power = 
0.987 
Social dominance 
environment x 
genotype: 
P = 0.664, F (2,68) = 0.412, 
df = 2, Power = 0.114 
Followed by Bonferroni 
adjusted post-hoc 
analysis and confirmed 
on a transformed dataset 
Nlgn3y/+MGH    
n = 15 
Nlgn3y/-MGH    
n = 11 
Nlgn3y/+ SGH        
n = 15 
Nlgn3y/-SGH      
n = 12 
Nlgn3y/+Pvalbcre/
+ n = 11 
Nlgn3y/-
Pvalbcre/+ n = 10 
3.3.B, 
Duration of 
USV 
 
 
 
 
 
 
 
 
Nlgn3y/+ MGH            
P = 0.716 
Nlgn3y/- MGH            
P = 0.024 
Nlgn3y/+ SGH             
P = 0.269 
Nlgn3y/- SGH             
P = 0.007 
Nlgn3y/+Pvalbcre/
+         P = 0.830 
Levenes test 
 
P = 0.498, 
F  = 0.881 
Independent samples 
Kruskal-Wallis P = 0.003 
Two-way ANOVA 
Social dominance 
environment: 
P = 0.937, F (1,68) = 0.065, 
df = 1, Power = 0.059 
Genotype: 
P = 0.000081, F (2,68) = 
17.58, df =2, Power = 
0.985 
Nlgn3y/+ MGH  n 
= 15 
Nlgn3y/- MGH   
n = 11 
Nlgn3y/+ SGH       
n = 15 
Nlgn3y/- SGH     
n = 12 
Nlgn3y/+Pvalbcre/
+ n = 11 
Nlgn3y/-
Pvalbcre/+ n = 10 
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Nlgn3y/-
Pvalbcre/+                      
P = 0.000 
Social dominance 
environment x 
genotype: 
P = 0.951, F (2,68) = 0.051, 
df = 2, Power = 0.057 
Followed by Bonferroni 
adjusted post-hoc 
analysis and confirmed 
on a transformed dataset 
3.4.A, time 
in 
interaction 
with female 
Nlgn3y/+ MGH         
P = 0.118 
Nlgn3y/- MGH             
P = 0.743 
Nlgn3y/+ SGH             
P = 0.017 
Nlgn3y/- SGH            
P = 0.900 
Nlgn3y/+Pvalbcre/
+                                      
P = 0.697 
Nlgn3y/-
pvalbcre/+              
P = 0.23 
Levenes  test 
 
P = 0.003,  
F = 3.94 
Independent samples 
Kruskal-Wallis P = 0.013 
Two-way ANOVA 
Social dominance 
environment: 
P = 0.44, F (2,66) = 0.84,           
df = 2, Power = 0.188 
Genotype: 
P = 0.000000012,              
F (1,66) = 42.290, df = 1,         
Power = 1.00 
Social dominance 
environment x 
genotype: 
P = 0.291, F (2,66) = 1.259,          
df = 2, Power = 0.264 
Followed by Bonferroni 
adjusted post-hoc 
analysis and confirmed 
on a transformed dataset 
Nlgn3y/+ MGH     
n = 15 
Nlgn3y/- MGH      
n = 11 
Nlgn3y/+ SGH        
n = 13 
Nlgn3y/- SGH     
n = 12 
Nlgn3y/+Pvalbcre/
+ n = 11 
Nlgn3y/-
Pvalbcre/+ n = 10 
3.4.B, 
correlation 
of USV and 
tube test 
  Nlgn3y/+ SGH Pearson 
Correlation r2 = 0.84 
Nlgn3y/+ and Nlgn3y/- 
MGH Pearson Correlation 
r2 = 0.43 
Nlgn3y/+ SGH     
N = 7  
MGH N = 6 
3.5.A, Social 
interaction 
of adult 
female mice 
Nlgn3+/+ MGH             
P =0120 
Nlgn3+/- (H-WT)         
P =0.150 
Nlgn3+/- (H-KO)               
P =0.634 
Nlgn3-/- MGH            
P =0.166 
Levenes test 
 
P = 0.051 
F = 2.879 
One-way ANOVA: 
P = 0.0004 
F (3,40) = 7.87, df = 3 
Power = 0.98 
Followed by Tukey’s 
post-hoc analysis  
Nlgn3+/+ MGH   
n = 10 
Nlgn3+/- (H-WT) 
n =10 
Nlgn3+/- (H-KO) 
n =7 
Nlgn3-/- MGH       
n = 12 
3.5.B, Social 
interaction 
Nlgn3+/+ MGH         
P = 0.278 
Levenes test 
P = 0.930 
Independent samples t-
test, two tailed.  
Nlgn3+/+ MGH n 
=10 
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of adult 
Nlgn3+/+ 
mice 
Nlgn3+/+ SGH            
P = 0.210 
F = 0.008 P = 0.59, df = 19 Nlgn3+/+ SGH    
n = 11 
3.5.C, social 
interaction 
of adult  
Nlgn3-/- 
mice 
Nlgn3-/- MGH            
P =0.166 
Nlgn3-/- SGH             
P =0.465 
Nlgn3-/- 
Pvalbcre/+                
P = 0.860 
Levenes test 
P = 0.657 
F = 4.62 
One-way ANOVA: 
P = 0.00001, F (2,30) = 
17.22,  df = 2, Power = 
0.999 
Followed by Tukey’s 
post-hoc analysis 
Nlgn3-/- MGH    
n = 12 
Nlgn3-/- SGH         
n = 11 
Nlgn3-/- 
Pvalbcre/+ n = 10 
3.6.A, total 
duration 
calling to 
female mice 
Nlgn3+/+                        
P =0.584 
Nlgn3+/-                          
P = 0.096 
Nlgn3-/-                     
P = 0.118 
Levenes test 
P = 0.151 
F = 2.063 
 
One-way ANOVA 
P = 0.15, F (2,22) = 2.20 
df = 2, Power = 0.374 
Nlgn3+/+ n = 8 
Nlgn3+/-  n = 9 
Nlgn3-/- n = 8 
3.6.B, 
number of 
calls to 
female mice 
Nlgn3+/+                           
P = 0.728 
Nlgn3+/-                          
P = 0.049 
Nlgn3-/-                            
P = 0.196 
Levenes test 
P = 0.793 
F = 2.35 
Kruskal-Wallis test: 
P = 0.54 
Nlgn3+/+ n = 8 
Nlgn3+/- n = 9 
Nlgn3-/- n =8 
3.6.C, pup 
retrieval of 
female mice 
First contact: 
Nlgn3+/+                     
P = 0.097 
Nlgn3+/-                          
P = 0.540 
Nlgn3-/-                          
P = 0.001 
First pup: 
Nlgn3+/+                    
P = 0.406 
Nlgn3+/-                            
P = 0.434 
Nlgn3-/-                         
P = 0.724 
Second pup: 
Nlgn3+/+                        
P = 0.457 
Nlgn3+/-                        
P = 0.547 
Nlgn3-/- P = 
0.066 
Third pup: 
Levenes test 
First contact:  
P = 0.131 
F = 2.191 
First pup: 
P = 0.481 
F = 0.752 
 
second pup: 
P = 0.069 
F = 2.951 
 
Third pup: 
P = 0.171 
F = 1.885 
Kruskal-Wallis test 
First contact:  
P = 0.022 
(Followed by Dunn’s 
adjusted pairwise 
analysis) 
First pup:  
P = 0.43 
Second pup: 
P = 0.48 
Third pup: 
P = 0.23 
Nlgn3+/+ n = 13 
Nlgn3+/- n = 9 
Nlgn3-/- n = 9 
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Nlgn3+/+                     
P = 0.200 
Nlgn3+/-                          
P = 0.160 
Nlgn3-/-                          
P = 0.004 
3.7.A. 
Juvenile 
male and 
female 
social 
interaction 
Nlgn3y/+ MGH            
P = 0.891 
Nlgn3y/- MGH         
P = 0.759 
Nlgn3y/+ SGH            
P = 0.813 
Nlgn3y/- SGH             
P = 0.77 
Nlgn3+/+ MGH 
MGH:                         
P = 0.734 
Nlgn3+/+ SGH            
P = 0.206 
Nlgn3-/- MGH             
P = 0.266 
Nlgn3-/- SGH            
P = 0.714 
 
Levenes test 
 
P = 0.123 
F = 1.680 
 
Two-way ANOVA 
Social dominance 
environment: P = 
0.000087, F (1,55) = 16.77, 
df = 1, power = 0.98 
Genotype 
P = 0.247, F (1,55) = 0.64 
df = 1, power = 0.06 
Sex 
P = 0.048, F (1,55) = 4.03, 
df = 1, power = 0.51 
Social dominance 
environment x genotype 
P = 0.247, F (1,55) = 1.355 
df = 1, power = 0.211 
Social dominance 
environment x sex 
P = 0.062, F (1,55) = 3.56 
df = 1, power = 0.463 
Genotype x sex 
P = 0.424, F (1,55) = 0.646 
df = 1, power = 0.13 
Social dominance 
environment x genotype 
x sex 
P = 0.84, F (1,55) = 0.24 
df = 1, power = 0.076 
Nlgn3y/+ MGH     
n = 12 
Nlgn3y/- MGH      
n = 10 
Nlgn3y/+ SGH        
n = 9 
Nlgn3y/- SGH        
n = 14 
Nlgn3+/+ MGH   
n = 14 
Nlgn3+/+ SGH     
n = 12 
Nlgn3-/- MGH    
n = 15 
Nlgn3-/- SGH        
n = 20 
 
3.7.B 
Juvenile 
male social 
interaction 
Nlgn3y/+ MGH             
P = 0.891 
Nlgn3y/- MGH             
P = 0.759 
Nlgn3y/+ SGH            
P = 0.813 
Nlgn3y/- SGH             
P = 0.77 
Nlgn3y/+Pvalbcre/
+         P = 0.890 
Levenes test 
 
P = 0.168 
F = 1.618 
Two-way ANOVA 
Social dominance 
environment: 
P = 0.00024, F (2,63) = 
9.51, df = 2, Power = 
0.98 
Genotype: 
P =0.92, F (1,63) = 0.010, 
df = 1, Power = 0.05 
Social dominance 
environment x 
genotype: 
Nlgn3y/+ MGH   
n = 12 
Nlgn3y/- MGH      
n = 10 
Nlgn3y/+ SGH       
n = 9 
Nlgn3y/- SGH     
n = 14 
Nlgn3y/+Pvalbcre/
+ n = 11 
Nlgn3y/-
Pvalbcre/+ n = 15 
   Appendix 
Table A5.2. Detailed accounts of the statistical outputs 
207 
 
Nlgn3y/-
Pvalbcre/+             
P = 0.709 
P = 0.65, F (2,63) = 0.43, df 
= 2, Power = 0.12 
Followed by Bonferroni 
adjusted post-hoc 
analysis 
3.8.A, social 
interaction 
of juvenile 
female mice 
Nlgn3+/+ MGH         
P = 0.734 
Nlgn3+/- (H-WT)                       
P = 0.909 
Nlgn3+/- (H-KO)                    
P = 0.356 
Nlgn3-/- MGH          
P = 0.266 
Levenes test 
P = 0.660 
F = 0.536 
 
One-way ANOVA: 
P = 0.052, 
F (3,41) = 2.79, df = 3, 
Power = 0.63 
Nlgn3+/+ n = 14 
Nlgn3+/- (H-WT) 
n = 8 
Nlgn3+/- (H-KO) 
n = 8 
Nlgn3-/- MGH    
n = 15 
3.8.B, social 
interaction 
of juvenile 
Nlgn3+/+ 
mice 
Nlgn3+/+ MGH 
MGH: P = 0.734 
Nlgn3+/+ SGH             
P = 0.206 
Levenes test 
 
P = 0.660 
F = 0.536 
Independent samples 
test 
P = 0.027, df = 24 
Nlgn3+/+ MGH   
n = 14 
Nlgn3+/+ SGH     
n = 12 
3.8C, social 
interaction 
of juvenile 
Nlgn3-/- 
mice 
Nlgn3-/- MGH            
P = 0.266 
Nlgn3-/- SGH             
P = 0.714 
Nlgn3-/-
Pvalbcre/+                 
P = 0.244 
Levenes test 
 
P = 0.146 
F = 2.018 
One-way ANOVA 
P= 0.607, F (2,42) = 0.51, df 
= 2, Power = 0.13 
 
Nlgn3-/- MGH    
n = 15 
Nlgn3-/- SGH        
n = 20 
Nlgn3-/-
Pvalbcre/+ n =10 
4.1. Adult 
male 
activity 
Nlgn3y/+ MGH             
P = 0.431 
Nlgn3y/- MGH            
P = 0.396 
Nlgn3y/+ SGH            
P = 0.514 
Nlgn3y/- SGH             
P = 0.630 
Nlgn3y/+ 
Pvalbcre/+                          
P =0.723 
Nlgn3y/-
Pvalbcre/+                    
P = 0.894 
Levenes test 
 
P = 0.349 
F = 1.133 
Two-way ANOVA 
Social dominance 
environment P = 0.035, F 
(2,82) = 3.49 
df = 2, Power = 0.64 
Genotype 
 P = 2.41e -10, F (1,82) = 
52.10 
df = 1, Power = 0.99 
Social dominance 
environment x Genotype 
P = 0.0002, F (2,82) = 9.48 
df = 2, Power = 0.98 
Followed by Bonferroni 
post-hoc analysis and 
Bonferroni adjusted pair-
wise analysis.  
Nlgn3y/+ MGH      
n = 21 
Nlgn3y/- MGH      
n = 14 
Nlgn3y/+ SGH        
n = 16 
Nlgn3y/- SGH        
n = 9 
Nlgn3y/+ 
Pvalbcre/+ n = 14 
Nlgn3y/-
Pvalbcre/+ n = 14 
4.2.A. Adult 
male ratio 
Nlgn3y/+ MGH             
P = 0.881 
Levenes test 
 
P = 0.395 
Two-way ANOVA Nlgn3y/+ MGH   
n = 21 
   Appendix 
Table A5.2. Detailed accounts of the statistical outputs 
208 
 
distance in 
the centre 
Nlgn3y/- MGH             
P = 0.530 
Nlgn3y/+ SGH             
P = 0.261 
Nlgn3y/- SGH            
P = 0.692 
Nlgn3y/+ 
Pvalbcre/ +                 
P =0.664 
Nlgn3y/-
Pvalbcre/+                   
P = 0.137 
F = 1.049 Social dominance 
environment P = 0.007, F 
(1,82) = 5.32 
df =1, Power = 0.83 
Genotype 
P = 0.001, F (2,82) = 12.39 
df = 2, Power = 0.94 
Genotype x Social 
dominance environment 
P = 0.295, F (2,82) = 1.24 
df = 2, Power = 0.26 
Followed by Bonferroni 
post-hoc analysis 
Nlgn3y/- MGH   
n = 14 
Nlgn3y/+ SGH        
n = 16 
Nlgn3y/- SGH       
n = 9 
Nlgn3y/+ 
Pvalbcre/+ n = 14 
Nlgn3y/-
Pvalbcre/+ n = 14 
4.2.B. Adult 
male time 
in the 
centre  
Nlgn3y/+ MGH             
P = 0.358 
Nlgn3y/- MGH            
P = 0.377 
Nlgn3y/+ SGH            
P = 0.359 
Nlgn3y/- SGH             
P = 0.119 
Nlgn3y/+ 
Pvalbcre/+                     
P =0.835 
Nlgn3y/-
Pvalbcre/+                    
P = 0.919 
Levenes test 
 
P = 0.203 
F = 1.486 
Two-way ANOVA 
Social dominance 
environment P = 0.002, F 
(1,82) = 6.95 
df = 1, Power = 0.92 
Genotype 
P = 0.012, F (2,82) = 6.54 
df = 2, Power = 0.72 
Genotype x Social 
dominance environment 
P = 0.500, F (2,82) = 0.699 
df = 2, Power = 0.164 
Followed by Bonferroni 
post-hoc analysis 
Nlgn3y/+ MGH     
n = 21 
Nlgn3y/- MGH   
n = 14 
Nlgn3y/+ SGH       
n = 16 
Nlgn3y/- SGH        
n = 9 
Nlgn3y/+ 
Pvalbcre/+ n = 14 
Nlgn3y/-
Pvalbcre/+ n = 14 
4.3. Adult 
male 
elevated 
plus maze 
Nlgn3y/+ MGH             
P = 0.720 
Nlgn3y/- MGH            
P = 0.942 
Nlgn3y/+ SGH            
P = 0.272 
Nlgn3y/- SGH            
P = 0.904 
Nlgn3y/+ 
Pvalbcre/+                        
P = 0.898 
Nlgn3y/-
Pvalbcre/+                   
P = 0.485 
Levenes test 
 
P = 0.781 
F = 0.493 
Two-way ANOVA 
Genotype 
P = 0.036, F (1,77) = 4.56, 
df = 1, Power = 0.590 
Social dominance 
environment P = 0.048, F 
(2,77) = 3.16 
df =2, Power = 0.55 
Genotype x Social 
dominance environment 
P = 0.119, F (2,77) =2.19 
df =2, Power = 0.44 
Followed by Bonferroni 
post-hoc analysis 
Nlgn3y/+ MGH     
n = 20 
Nlgn3y/- MGH    
n = 14 
Nlgn3y/+ SGH        
n = 12 
Nlgn3y/- SGH        
n = 13 
Nlgn3y/+ 
Pvalbcre/+ n = 12 
Nlgn3y/-
Pvalbcre/+ n = 12 
4.4.A. Adult 
Nlgn3+/+ 
MGH, 
Nlgn3+/- , 
Nlgn3+/+ MGH     
P = 0.015 
Nlgn3+/- (H-WT)                 
P = 0.475 
Levenes test 
 
P = 0.367 
F = 1.078 
Kruskal Wallis test 
 
P = 0.000 
 
Nlgn3+/+ MGH      
n =13 
Nlgn3+/- (H-WT) 
n =13 
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and Nlgn3-/- 
MGH 
activity  
Nlgn3+/- (H-KO)                  
P = 0.751 
Nlgn3-/- MGH     
P = 0.294 
 Followed by a Dunn’s 
pairwise analysis 
Nlgn3+/- (H-KO) 
n = 12 
Nlgn3-/- MGH       
n =16 
4.4.B. Adult 
female 
activity 
Nlgn3+/+  
Nlgn3+/+ MGH     
P = 0.015 
Nlgn3+/+ SGH    
P = 0.465 
Levenes test 
P = 0.188 
F = 1.754 
Mann-Whitney U 
P = 0.0004 
Test statistic = 7.00 
Nlgn3+/+ MGH     
n =13 
Nlgn3+/+ SGH       
n = 8 
4.4.C. Adult 
female 
Nlgn3-/- 
activity 
Nlgn3-/- MGH     
P = 0.294 
Nlgn3-/- SGH         
P = 0.843 
Nlgn3-/- 
Pvalbcre/+                    
P = 0.762 
Levenes test 
P = 0.187 
F = 1.755 
 
One-way ANOVA 
P = 0.19, F (2,36) = 1.72 
df = 2, Power = 0.34 
 
Nlgn3-/- MGH    
n = 16 
Nlgn3-/- SGH         
n = 13 
Nlgn3-/- 
Pvalbcre/+ n = 10 
4.5.A. Adult 
Nlgn3+/+ 
MGH, 
Nlgn3+/-, 
and Nlgn3-/- 
MGH ratio 
distance 
centre 
Nlgn3+/+ MGH    
P = 0.139 
Nlgn3+/- (H-WT)                  
P = 0.700 
Nlgn3+/- (H-KO)                      
P = 0.552 
Nlgn3-/- MGH     
P = 0.653 
Levenes test 
 
P = 0.250 
F = 1.412 
 
One-way ANOVA 
P = 0.0001, F (3,50) = 8.56 
df =3, Power = 0.99 
 
Followed by Tukey’s 
post-hoc analysis 
Nlgn3+/+ MGH     
n =13 
Nlgn3+/- (H-WT) 
n =13 
Nlgn3+/- (H-KO) 
n=12 
Nlgn3-/- MGH      
n =16 
4.5.B. Adult 
Nlgn3+/+ 
MGH, 
Nlgn3+/- and 
Nlgn3-/- 
MGH time 
in centre 
Nlgn3+/+ MGH    
P = 0.044 
Nlgn3+/- (H-WT)                  
P = 0.354 
Nlgn3+/- (H-KO)                     
P = 0.371 
Nlgn3-/- MGH     
P = 0.784 
 
Levenes test 
 
P = 0.219 
F = 1.525 
 
Kruskal-Wallis test 
 
P = 0.088 
 
 
Nlgn3+/+ MGH    
n =13 
Nlgn3+/- (H-WT) 
n =13 
Nlgn3+/- (H-KO) 
n =12 
Nlgn3-/- MGH       
n =16 
 
4.5.C. Adult 
Nlgn3+/+ 
ratio 
distance 
centre 
Nlgn3+/+ MGH    
P = 0.102 
Nlgn3+/+ SGH     
P = 0.210 
Levenes test 
P = 0.106 
F = 2.883 
 
Independent samples t-
test 
P = 0.31, df = 19 
Nlgn3+/+ MGH      
n =13 
Nlgn3+/+ SGH        
n = 8 
4.5.D. Adult 
Nlgn3+/+ 
time in 
centre 
Nlgn3+/+ MGH    
P =0.044 
Nlgn3+/+ SGH     
P = 0.763 
Levenes test 
P = 0.281 
F = 1.231 
 
Independent samples t-
test 
P = 0.019, df = 19 
Nlgn3+/+ MGH     
n =13     
Nlgn3+/+ SGH        
n = 8 
4.5.E. Adult 
Nlgn3-/- 
ratio 
distance 
centre 
Nlgn3-/- MGH     
P = 0.784 
Nlgn3-/- SGH         
P = 0.965 
Levenes test 
P = 0.103 
F = 2.422 
One-way ANOVA 
P = 0.083, F (2,36) = 2.67 
df = 2, Power = 0.49 
Nlgn3-/- MGH       
n = 16 
Nlgn3-/- SGH         
n = 13 
Nlgn3-/-
Pvalbcre/+ n =10 
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Nlgn3-/- 
Pvalbcre/+                
P = 0336 
4.5.F. Adult 
Nlgn3-/- 
time in 
centre 
Nlgn3-/- MGH     
P =    0.757 
Nlgn3-/- SGH         
P =    0.678 
Nlgn3-/-
Pvalbcre/+                   
P =    0.641 
Levenes test 
P = 0.707 
F = 0.351 
One-way ANOVA 
P = 0.713, F (2,36) = 0.34 
df = 2, Power = 0.10 
 
Nlgn3-/- MGH    
n = 16 
Nlgn3-/- SGH         
n = 13 
Nlgn3-/-
Pvalbcre/+ n =10 
4.6.A. Adult 
Nlgn3+/+ 
MGH, 
Nlgn3+/- , 
and Nlgn3-/- 
MGH 
elevated 
plus maze 
Nlgn3+/+ MGH     
P = 0.234 
Nlgn3+/- (H-WT)                    
P = 0.423 
Nlgn3+/- (H-KO)                      
P = 0.079 
Nlgn3-/- MGH     
P = 0.185 
Levenes test 
 
P =0.965 
F = 0.05 
One-way ANOVA  
P = 0.30, F (3,52) = 1.24 
df = 3, Power = 0.314 
Nlgn3+/+ MGH     
n =13 
Nlgn3+/- (H-WT) 
n =11 
Nlgn3+/- (H-KO) 
n =13 
Nlgn3-/- MGH    
n =19 
4.6.B. Adult 
Nlgn3+/+ 
elevated 
plus maze 
Nlgn3+/+ MGH   
P = 0.234 
Nlgn3+/+ SGH    
P = 0.193 
Levenes test 
P = 0.268 
F = 1.300 
Independent samples t-
test 
P = 0.0006, df = 19 
Nlgn3+/+ MGH   
n =13 
Nlgn3+/+ SGH       
n = 8 
4.6.C. Adult 
female 
Nlgn3-/-
elevated 
plus maze 
Nlgn3-/- MGH    
P = 0.185 
Nlgn3-/- SGH       
P = 0.595 
Nlgn3-/-
Pvalbcre/+           
P = 0.487 
Levenes test 
 
P = 0.295 
F = 1.26 
 
One-way ANOVA  
P = 0.004, F (2,39) = 6.245 
df = 2, Power = 0.870 
Nlgn3-/- MGH      
n = 19 
Nlgn3-/- SGH         
n = 13 
Nlgn3-/-
Pvalbcre/+ n = 10 
4.7. Juvenile 
male 
activity  
Day one: 
Nlgn3y/- MGH     
P = 0.653 
Nlgn3y/+ MGH     
P = 0.072 
Nlgn3y/- SGH     
P = 0.149 
Nlgn3y/+ SGH    
P = 0.186 
Nlgn3y/-
Pvalbcre/+                          
P = 0.081 
Nlgn3y/+Pvalbcre/
+ P = 0.990  
Day two: 
Nlgn3y/- MGH    
P = 0.708 
Levenes test 
Day one 
P = 0.248  
F = 1.354 
 
Day two:  
P = 0.191 
F = 1.518 
Repeated measures two-
way ANOVA 
Day 
P = 1.11e-13, F (1,103) = 
73.38 
Df = 1, Power = 0.99 
Day x Social dominance 
environment 
P = 0.007, F (2,103) = 5.14 
Df = 2, Power = 0.81 
Day x Genotype 
P = 0.465, F (1,103) = 0.54 
Df = 1, Power = 0.112 
Day x Social dominance 
environment x genotype 
P = 0.288, F (2,103) = 1.26 
Df = 2, Power = 0.27 
Nlgn3y/- MGH       
n = 17 
Nlgn3y/+ MGH      
n = 24 
Nlgn3y/- SGH        
n = 21 
Nlgn3y/+ SGH       
n = 19 
Nlgn3y/-
Pvalbcre/+ n = 13 
Nlgn3y/+Pvalbcre/
+ n = 15 
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Nlgn3y/+ MGH     
P = 0.008 
Nlgn3y/- SGH     
P = 0.890 
Nlgn3y/+ SGH     
P = 0.001 
Nlgn3y/-
Pvalbcre/+                  
P = 0.623 
Nlgn3y/+Pvalbcre/
+ P = 0.489 
 
 
 
Genotype: 
P = 0.000016, F (1,103) = 
20.393 
df = 1, Power = 0.994 
Social dominance 
environment: 
P = 0.0003, F (2,103) = 8.78 
df = 2, Power = 0.97 
Social dominance 
environment x Genotype 
P = 0.981, F (2,103) = 0.019 
df = 2, Power = 0.053 
Followed by Bonferroni 
post-hoc analysis and 
Bonferroni adjusted pair-
wise analysis  
 
4.8.A. 
Juvenile 
male ratio 
distance in 
the centre  
Day one: 
Nlgn3y/+MGH     
P = 0.711 
Nlgn3y/- MGH    
P = 0.641 
Nlgn3y/+ SGH    
P = 0.598 
Nlgn3y/- SGH     
P = 0.927 
Nlgn3y/+Pvalbcre/
+                                       
P = 0.060 
Nlgn3y/-
Pvalbcre/+               
P = 0.004  
Day two: 
Nlgn3y/+ MGH    
P = 0.767 
Nlgn3y/- MGH    
P = 0.028 
Nlgn3y/+ SGH     
P = 0.516 
Nlgn3y/- SGH     
P = 0.180 
Nlgn3y/+Pvalbcre/
+                                        
P = 0.694 
Levenes test 
 
Day one: 
P = 0.607 
F = 0.723 
 
Day two: 
P = 0.336 
F = 1.155  
Repeated measures two-
way ANOVA 
Day 
P = 1.65e -09, F (1,103) = 
43.5 
df = 1, Power = 0.999 
Day x Social dominance 
environment 
P = 0.001, F (2,103) = 6.94 
df = 2, Power = 0.92 
Day x Genotype 
P = 0.154, F (1,103) = 2.07 
df = 1, Power = 0.29 
Day x Social dominance 
environment x genotype 
P = 0.234, F (2,103) = 1.47 
df = 2, Power = 0.31 
Genotype: 
P = 0.004, F (1,103) = 8.80 
df = 1, Power = 0.84 
Social dominance 
environment: 
P = 0.00001, F (2,103) = 
12.89 
df =2, Power = 0.99 
Social dominance 
environment x Genotype 
P = 0.30, F (2,103) = 1.22 
Nlgn3y/+ MGH      
n = 17 
Nlgn3y/- MGH     
n = 24 
Nlgn3y/+ SGH      
n = 21 
Nlgn3y/- SGH     
n = 19 
Nlgn3y/+Pvalbcre/
+ n = 13 
Nlgn3y/-
Pvalbcre/+ n = 15 
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Nlgn3y/-
Pvalbcre/+              
P = 0.665 
 
df = 2, Power = 0.26 
Followed by Bonferroni 
post-hoc analysis and 
Bonferroni adjusted pair-
wise analysis  
4.8.B. 
Juvenile 
male time 
in the 
centre 
Day one: 
Nlgn3y/+ MGH     
P = 0.417 
Nlgn3y/- MGH     
P = 0.310 
Nlgn3y/+ SGH    
P = 0.121 
Nlgn3y/- SGH     
P = 0.724 
Nlgn3y+-
Pvalbcre/+                        
P = 0.906 
Nlgn3y/-
Pvalbcre/+               
P = 0.313  
Day two: 
Nlgn3y/+ MGH     
P = 0.011 
Nlgn3y/- MGH    
P = 0.537 
Nlgn3y/+ SGH     
P = 0.155 
Nlgn3y/- SGH     
P = 0.573 
Nlgn3y/+Pvalbcre/
+                            
P = 0.087 
Nlgn3y/-
Pvalbcre/+                    
P = 0.004 
 
Levenes test 
 
Day one: 
P =0.631 
F = 0.691 
 
Day two: 
P = 0.653 
F = 0.662 
Repeated measures two-
way ANOVA 
Day 
P = 0.0004, F (1,103) = 16.46 
df = 1, Power = 0.98 
Day x genotype 
P = 0.444, F (1,103) = 0.59 
df = 1, Power = 0.12 
Day x Social dominance 
environment 
P = 0.074, F (2,103) = 2.676 
df = 2, Power = 0.520 
Day x genotype x Social 
dominance environment 
P = 0.140, F (2,103)  = 2.01 
df = 2, Power = 0.41 
Social dominance 
environment P = 0.002, F 
(2,103) = 6.820 
df = 2, Power = 0.913  
Genotype: 
P = 0.0002, F (1,103) = 
15.18 
df = 1, Power = 0.97 
Social dominance 
environment x Genotype 
P = 0.129, F (2,103) = 2.09 
df = 2, Power = 0.42 
Followed by Bonferroni 
post-hoc analysis 
Nlgn3y/+ MGH      
n = 17 
Nlgn3y/- MGH   
n = 24 
Nlgn3y/+ SGH        
n = 21 
Nlgn3y/- SGH        
n = 19 
Nlgn3y/+Pvalbcre/
+ n = 13 
Nlgn3y/-
Pvalbcre/+ n = 15 
 
4.9. Juvenile 
male 
elevated 
plus maze 
Nlgn3y/+ MGH     
P = 0.481 
Nlgn3y/- MGH     
P = 0.126 
Nlgn3y/+ SGH    
P = 0.788 
Nlgn3y/- SGH     
P = 0.463 
Levenes test 
 
P = 0.253 
F = 1.344 
Two-way ANOVA 
Genotype 
P = 0.022, F (1,95) = 5.38 
df = 1, Power = 0.63 
Social dominance 
environment P = 0.001, F 
(2,95) = 7.63 
df = 2, Power = 0.94 
Nlgn3y/+ MGH     
n = 18 
Nlgn3y/- MGH      
n = 11 
Nlgn3y/+ SGH       
n = 19     
Nlgn3y/- SGH        
n = 22 
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Nlgn3y+-
Pvalbcre/+                  
P = 0.751 
Nlgn3y/-
Pvalbcre/+                  
P = 0.642  
Genotype x Social 
dominance environment 
P = 0.724, F (2,95) = 0.32,  
df = 2, Power = 0.10 
Nlgn3y/+Pvalbcre/
+ n = 11 
Nlgn3y/-
Pvalbcre/+ n = 15 
4.10.A. 
Juvenile 
Nlgn3+/+ 
MGH, 
Nlgn3+/- , 
and Nlgn3-/- 
MGH 
female 
activity 
Day one: 
Nlgn3+/+ MGH     
P = 0.589 
Nlgn3+/+ (H-WT)                        
P = 0.954 
Nlgn3+/- (H-KO)                         
P = 0.486 
Nlgn3-/- MGH    
P = 0.317 
Day two: 
Nlgn3+/+ MGH     
P = 0.658 
Nlgn3+/- (H-WT)                     
P = 0.519 
Nlgn3+/- (H-KO)                      
P = 0.538 
Nlgn3-/- MGH    
P = 0.016 
 
 
Levenes test 
Day one 
 
P = 0.396
F = 1.007 
 
Day two 
P = 0.237 
F = 1.451 
 
Repeated measures 
ANOVA 
Day  
P = 0.009, F (1,60) = 7.19 
df =1, Power = 0.75 
Group 
P = 0.00004, F (3,60) = 9.2 
df = 3, Power = 0.99 
Day x group  
P = 0.358, F (3,60) = 1.10, 
df = 3, Power = 0.28 
 
Followed by Bonferroni 
post-hoc analysis and 
confirmed on 
transformed data set 
Nlgn3+/+ MGH   
n = 13 
Nlgn3+/- (H-WT) 
n = 13 
Nlgn3+/- (H-KO) 
n = 14 
Nlgn3-/- MGH      
n = 24 
 
4.10.B. 
Juvenile 
Nlgn3+/+ 
activity 
Day one: 
Nlgn3+/+ MGH     
P = 0.589 
Nlgn3+/+ MGH    
P = 0.059 
Day two: 
Nlgn3+/+ MGH     
P = 0.658 
Nlgn3+/+ MGH    
P = 0.417 
Levenes test 
Day one 
P = 0.658 
F = 0.201 
 
Day two 
P = 0.952 
F = 0.004 
Repeated measures 
ANOVA 
Day  
P = 0.0006, F (1,23) = 15.64 
df = 1, Power = 0.96 
Group 
P = 0.959, F (1,23) = 0.003 
df = 1, Power = 0.05 
Day x group  
P = 0.00029, F (1,23) = 18.2 
df = 1, Power = 0.98 
Followed by Bonferroni 
adjusted pairwise 
comparisons 
Nlgn3+/+ MGH   
n = 13 
Nlgn3+/+ MGH      
n = 12 
 
4.10.C. 
Juvenile 
Nlgn3-/- 
activity 
Day one: 
Nlgn3-/- SGH    P 
= 0.679 
Nlgn3-/- MGH     
P = 0.317 
Day one: 
P = 0.714 
F = 0.339 
 
Day one: 
Repeated measures 
ANOVA 
Day  
P = 0.000087, F (1,51) = 
18.17 
Nlgn3-/- SGH         
n = 20 
Nlgn3-/- MGH    
n = 24 
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Nlgn3-/- 
Pvalbcre/+                    
P = 0.277 
Day two: 
Nlgn3-/- SGH     
P = 0.431 
Nlgn3-/- MGH     
P = 0.016 
Nlgn3-/- 
Pvalbcre/+              
P = 0.669 
P = 0.251 
F = 1.420 
df = 1, Power = 0.99 
Group 
P = 0.035, F (2,51) = 3.58 
df = 2, Power = 0.64 
Day x group  
P = 0.236, F (2,51) = 1.49 
df = 2, Power = 0.30 
Nlgn3-/- 
Pvalbcre/+ n = 10 
 
4.11.A. 
Juvenile 
Nlgn3+/+ 
MGH, 
Nlgn3+/-, 
and Nlgn3-/- 
MGH ratio 
distance 
centre 
Day one 
Nlgn3+/+ MGH     
P = 0.031 
Nlgn3+/- (H-WT)                    
P = 0.931 
Nlng3+/- (H-KO)                      
P = 0.190 
Nlgn3-/- MGH    
P = 0.546 
 
Day two 
Nlgn3+/+ MGH    
P = 0.570 
Nlgn3+/- (H-WT)                    
P = 0.310 
Nlng3+/- (H-KO)                          
P = 0.135 
Nlgn3-/- MGH     
P = 0.120 
Levenes test  
 
Day one  
P = 0.970 
F = 0.081 
 
Day two 
P = 0.402 
F = 0.993 
Repeated measures 
ANOVA 
 
Day  
P = 0.225, F (1,60) = 1.50 
df =1, Power = 0.23 
Day x Group  
P = 0.218, F (3,60) = 1.523 
df = 3, Power = 0.38 
Group 
P = 0.285, F (3,60) = 1.29 
df = 3, Power = 0.32 
Nlgn3+/+ MGH n 
= 13 
Nlgn3+/- (H-WT) 
n = 13 
Nlng3+/- (H-KO)  
n = 14 
Nlgn3-/- MGH       
n = 24 
 
4.11.B. 
Juvenile 
Nlgn3+/+ 
MGH, 
Nlgn3+/-, 
and Nlgn3-/- 
MGH time 
in centre 
Day one 
Nlgn3+/+ MGH    
P = 0.966 
Nlgn3+/- (H-WT) 
P = 0.864 
Nlng3+/- (H-KO)                        
P = 0.173 
Nlgn3-/- MGH         
P = 0.990 
Day two 
Nlgn3+/+ MGH    
P = 0.147 
Nlgn3+/- (H-WT)                        
P = 0.076 
Levenes test  
 
Day one  
P = 0.601 
F = 0.626 
 
Day two 
P = 0.074 
F = 2.427 
Repeated measures 
ANOVA 
Day  
P = 0.944, F (1,60) = 0.01 
df = 1, Power = 0.05 
Day x group 
P = 0.389, F (3,60) = 1.02 
df = 3, Power = 0.26 
Group  
P = 0.207, F (3,60) = 1.57 
df = 3, Power = 0.39 
Nlgn3+/+ MGH n 
= 13 
Nlgn3+/- (H-WT) 
n = 13 
Nlng3+/- (H-KO)  
n = 14 
Nlgn3-/- MGH       
n = 24 
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Nlng3+/- (H-KO)                       
P = 0.178 
Nlgn3-/- MGH        
P = 0.660 
4.11.C 
Juvenile 
Nlgn3+/+ 
MGH and 
SGH ratio 
distance 
centre 
Day one 
Nlgn3+/+ MGH     
P = 0.031 
Nlgn3+/+ SGH     
P = 0.448 
Day two 
Nlgn3+/+ MGH    
P = 0.570 
Nlgn3+/+ SGH    
P = 0.835 
 
Levenes test 
 
Day one 
P = 0.222 
F = 1.577 
 
Day two 
P = 0.939 
F = 0.006 
Repeated measures 
ANOVA 
Day  
P = 0.188, F (1,23) = 1.84 
df = 1, Power = 0.25 
Day x group 
P = 0.009, F (1,23) = 7.94 
df = 1, Power = 0.77 
Group  
P = 0.757, F (1,23) = 0.10 
df = 1, Power = 0.06 
Confirmed on log 
transformed data and 
followed by Bonferroni 
adjusted pairwise 
comparisons 
Nlgn3+/+ MGH     
n = 13 
Nlgn3+/+ SGH    
n = 12 
 
4.11.D. 
Juvenile 
Nlgn3+/+ 
MGH and 
SGH time in 
centre 
Day one 
Nlgn3+/+ MGH     
P = 0.966 
Nlgn3+/+ SGH     
P = 0.341 
Day two 
Nlgn3+/+ MGH     
P = 0.147 
Nlgn3+/+ SGH     
P = 0.138 
 
Levenes test 
 
Day one 
P = 0.480 
F = 0.517 
 
Day two 
P = 0.166 
F = 2.048 
Repeated measures 
ANOVA 
Day  
P = 0.855, F (1,23) = 0.04 
df = 1, Power = 0.05 
Day x group 
P = 0.052, F (1,23) = 4.21 
df = 1, Power = 0.50 
Group  
P = 0.521, F (1,23) = 0.43 
df = 1, Power = 0.09 
Nlgn3+/+ MGH     
n = 13 
Nlgn3+/+ SGH      
n = 12 
 
4.11.E. 
Juvenile 
Nlgn3-/- 
MGH and 
SGH, and 
Nlgn3-/-
Pvalbcre/+  
ratio 
distance 
centre 
Day one 
Nlgn3-/- MGH     
P = 0.990 
Nlgn3-/- SGH     
P = 0.022  
Nlgn3-/-
Pvalbcre/+                 
P = 0.253 
Day two 
Nlgn3-/-MGH     
P = 0.660 
Nlgn3-/- SGH     
P = 0.387 
Day one 
Levenes test 
P = 0.441 
F = 0.832 
 
Day two 
P = 0.704 
F = 0.354 
Repeated measures 
ANOVA 
Day  
P = 0.239, F (1,51) = 1.42 
df = 1, Power = 0.22 
Day x group 
P = 0.990, F (2,51) = 0.10 
df = 2, Power = 0.05 
Group  
P = 0.139, F (2,51) = 2.05 
 df = 2, Power = 0.40 
Nlgn3-/- SGH        
n = 20 
Nlgn3-/- MGH    
n = 24 
Nlgn3-/- 
Pvalbcre/+ n = 10 
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Nlgn3-/-
Pvalbcre/+                  
P = 0.802 
4.11.F. 
Juvenile 
Nlgn3-/- 
MGH and 
SGH, and 
Nlgn3-/-
Pvalbcre/+  
time in 
centre 
Day one 
Nlgn3-/- MGH     
P = 0.546 
Nlgn3-/- SGH  
P = 0.357 
Nlgn3-/-
Pvalbcre/+                  
P = 0.060 
Day two 
Nlgn3-/- MGH     
P = 0.120 
Nlgn3-/- SGH  
P = 0.058 
Nlgn3-/-
Pvalbcre/+                  
P = 0.026 
Levenes test 
 
Day one 
P = 0.233 
F = 1.498 
 
Day two 
P = 0.457 
F = 0.795 
Repeated measures  
ANOVA 
Day  
P = 0.012, F (1,51) = 6.84 
df = 1, Power = 0.73 
Day x group 
P = 0.406, F (2,51) = 0.92 
df = 2, Power 0.20 
Group  
P = 0.181, F (2,51) = 1.77 
df = 2, Power = 0.35 
Nlgn3-/- MGH    
n = 24 
 
Nlgn3-/- SGH  
n = 20 
 
Nlgn3-/-
Pvalbcre/+  n = 10 
4.12.A. 
Juvenile 
Nlgn3+/+ 
MGH, 
Nlgn3+/-, 
and Nlgn3-/- 
MGH 
elevated 
plus maze 
Nlgn3+/+ MGH    
P = 0.175 
Nlgn3+/- (H-WT)                     
P = 0.396 
Nlgn3+/- (H-KO) 
P = 0.233 
Nlgn3-/- MGH    
P = 0.031 
 
Levenes test 
 
P = 0.013 
F = 1.498 
Kruskal-Wallis test 
 
P = 0.286 
 
 
(confirmed on 
transformed data)  
Nlgn3+/+ MGH     
n = 10 
Nlgn3+/- (H-WT) 
n = 13 
Nlgn3+/- (H-KO) 
n = 7 
Nlgn3-/- MGH    
n = 13 
 
4.12.B 
Juvenile 
Nlgn3+/+ 
MGH and 
SGH  
elevated 
plus maze 
Nlgn3+/+ MGH    
P = 0.175 
Nlgn3+/+ SGH    
P = 0.999 
 
Levenes test 
 
P = 0.488 
F = 0.500 
Independent samples t- 
test 
 
P = 0.122 
df = 20 
Nlgn3+/+ MGH     
n = 10 
Nlgn3+/+ SGH    
n = 11 
 
4.12.C. 
Juvenile 
Nlgn3-/- 
MGH and 
SGH, and 
Nlgn3-/-
Pvalbcre/+  
elevated 
plus maze 
Nlgn3-/- MGH     
P = 0.031 
Nlgn3-/- SGH  
P = 0.712 
Nlgn3-/-
Pvalbcre/+                  
P = 0.878   
Levenes test 
 
P = 0.128 
F = 1.261 
Kruskal-Wallis test 
 
P = 0.128 
Nlgn3-/- MGH    
n = 13 
Nlgn3-/- SGH  
n = 19 
Nlgn3-/-
Pvalbcre/+ n = 10 
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5.1.C. 
PC1 
Striatum 
 
Nlgn3y/+ MGH     
P = 0.488 
Nlgn3y/- MGH     
P = 0.482 
Nlgn3//+ SGH    
P = 0.930 
Nlgn3y/- SGH     
P = 0.066 
Levenes test 
 
P = 0.563 
F = 0.730 
Kruskal-Wallis test  
 
P = 0.025 
 
(Followed by Dunn’s 
adjusted pair-wise 
comparisons) 
Nlgn3y/+ MGH      
n = 3 
Nlgn3y/- MGH      
n = 3 
Nlgn3//+ SGH     
n = 3 
Nlgn3y/- SGH       
n = 3 
5.1.D. 
PC1 
Hippocamp
us 
Nlgn3y/+ MGH     
P = 0.543 
Nlgn3y/- MGH     
P = 0.652 
Nlgn3//+ SGH     
P = 0.594 
Nlgn3y/- SGH     
P = 0.266 
Levenes test 
 
P = 0.047 
F = 4.171 
Kruskal-Wallis test  
 
P = 0.022 
 
(Followed by Dunn’s 
adjusted pair-wise 
comparisons) 
 
 
Nlgn3y/+ MGH      
n = 3 
Nlgn3y/- MGH      
n = 3 
Nlgn3//+ SGH        
n = 3 
Nlgn3y/- SGH        
n = 3 
5.1.E. 
PC2 
Striatum 
 
Nlgn3y/+ MGH     
P = 0.522 
Nlgn3y/- MGH     
P = 0.314 
Nlgn3//+ SGH     
P = 0.802 
Nlgn3y/- SGH        
P = 0.882 
Levenes test 
 
P = 0.318 
F = 1.375 
Kruskal-Wallis test  
 
P = 0.055 
 
Nlgn3y/+ MGH      
n = 3 
Nlgn3y/- MGH      
n = 3 
Nlgn3//+ SGH       
n = 3 
Nlgn3y/- SGH       
n = 3 
5.1F. 
PC2 
Hippocamp
us 
Nlgn3y/+ MGH    
P = 0.389 
Nlgn3y/- MGH    
P = 0.564 
Nlgn3y/+ SGH     
P = 0.804 
Nlgn3y/- SGH 
P = 0.475 
Levenes test 
 
P = 0.216 
F = 1.850 
Kruskal-Wallis test  
 
P = 0.033 
 
(Followed by Dunn’s 
adjusted pair-wise 
comparisons) 
Nlgn3y/+ MGH     
n = 3 
Nlgn3y/- MGH     
n = 3 
Nlgn3y/+ SGH        
n = 3 
Nlgn3y/- SGH     
n = 3 
5.3.A. 
C4 Striatum 
Nlgn3y/+ MGH    
P = 0.030 
Nlgn3y/- MGH    
P = 0.655 
Nlgn3//+ SGH     
P = 0.824 
Nlgn3y/- SGH 
P = 0.398 
Levenes test 
 
P = 0.117 
F = 2.189 
Two-way ANOVA 
Genotype 
P = 0.010, F (1,23) = 7.96, 
df = 1, power = 0.77 
Social dominance 
environment P = 0.007, F 
(1,23) = 8.77, df = 1,  
Genotype x Social 
dominance environment 
P = 0.120, F (1,23) = 2.61, 
df = 1, power = 0.34 
Nlgn3y/+ MGH   
n = 7 
Nlgn3y/- MGH   
n = 7 
Nlgn3y/+ SGH      
n = 7 
Nlgn3y/- SGH      
n = 6 
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5.3.B 
C4 
Hippocamp
us 
Nlgn3y/+ MGH    
P = 0.967 
Nlgn3y/- MGH    
P = 0.410 
Nlgn3y/+ SGH     
P = 0.126 
Nlgn3y/- SGH     
P = 0.082 
Levenes test 
 
P = 0.449 
F = 0.917 
Two-way ANOVA 
Genotype: 
P = 0.158, F (1,22) = 2.14, df 
= 1, power = 0.29 
Social dominance 
environment P = 0.182, F 
(1,22) = 1.90, df = 1, P = 
0.26 
Genotype x Social 
dominance environment 
P = 0.589, F (1,22) = 0.30, df 
= 1, power = 0.08 
Nlgn3y/+ MGH    
n = 7 
Nlgn3y/- MGH    
n = 7 
Nlgn3y/+ SGH       
n = 7 
Nlgn3y/- SGH      
n = 6 
5.4.A. 
C3 Striatum 
Nlgn3y/+ MGH     
P = 0.857 
Nlgn3y/- MGH    
P = 0.873 
Nlgn3y/+ SGH    
P = 0.151 
Nlgn3y/- SGH        
P = 0.816 
Levenes test 
 
P = 0.122 
F = 2.182 
Two-way ANOVA 
Genotype 
P = 0.043, F (1,20) = 4.65, 
df = 1, power = 0.54 
Social dominance 
environment P = 0.282, F 
(1,20) = 1.22, df = 1, P = 
0.18 
Genotype x Social 
dominance environment 
P = 0.815, F (1,20) = 0.06, 
df = 1, power = 0.06 
Nlgn3y/+ MGH   
n = 6 
Nlgn3y/- MGH     
n = 7 
Nlgn3y/+ SGH     
n = 7 
Nlgn3y/- SGH      
n = 6 
5.4.B. 
C3 
Hippocamp
us 
Nlgn3y/+ MGH    
P = 0.190 
Nlgn3y/- MGH    
P = 0.192 
Nlgn3y/+ SGH     
P = 0.652 
Nlgn3y/- SGH     
P = 0.657 
Levenes test 
P = 0.897 
F = 0.197 
Two-way ANOVA 
Genotype 
P = 0.175, F (1,22) = 1.96, 
df = 1, power = 0.27 
Social dominance 
environment P = 0.562, F 
(1,22) = 0.35, df = 1 
Genotype x Social 
dominance environment 
P = 0.233, F (1,22) = 1.50, df 
= 1, power = 0.22 
Nlgn3y/+ MGH    
n = 6 
Nlgn3y/- MGH    
n = 7 
Nlgn3y/+ SGH     
n = 7 
Nlgn3y/- SGH     
n = 6 
A1.1A  Nlgn3+/+  
P = 0.109 
Nlgn3+/+Pvalbcre
/+ P = 0.856 
Levenes test 
P = 0.061 
F = 4.016 
Independent samples t-
test P = 0.573 
 
Nlgn3+/+  
n = 9, 
Nlgn3+/+Pvalbcre/
+ n = 10 
A1.1B Nlgn3+/+  
P = 0.032 
Nlgn3+/+Pvalbcre
/+ P = 0.852 
Levenes test 
P = 0.831 
F = 0.047 
Independent samples t-
test P = 0.573 
Mann-Whitney U test P = 
0.905 
Nlgn3+/+  
n = 9, 
Nlgn3+/+Pvalbcre/
+ n = 10 
A1.1C Nlgn3+/+  
P = 0.451 
Levenes test 
P = 0.135 
Independent samples t-
test P = 0.545 
Nlgn3+/+  
   Appendix 
Table A5.2. Detailed accounts of the statistical outputs 
219 
 
Nlgn3+/+Pvalbcre
/+ P = 0.744 
F = 2.458 n = 9, 
Nlgn3+/+Pvalbcre/
+ n = 10 
A1.1D Nlgn3+/+  
P = 0.889 
Nlgn3+/+Pvalbcre
/+ P = 0.286 
Levenes test 
P = 0.929 
F = 0.008 
Independent samples t-
test P = 0.757 
Nlgn3+/+  
n = 9, 
Nlgn3+/+Pvalbcre/
+ n = 10 
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